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A low-cost yet highly sensitive colorimetric sensor array for the detection and 
identification of toxic industrial chemicals (TICs) has been developed. The sensor 
consists of a disposable array of cross-responsive nanoporous pigments whose colors are 
changed by diverse chemical interactions with analytes. Clear differentiation among 20 
different TICs has been easily achieved at both their IDLH (immediately dangerous to 
life or health) concentration within two minutes of exposure, and PEL (permissible 
exposure limits) concentration within five minutes of exposure with no errors or 
misclassifications. Detection limits are generally well below the PEL (in most cases 
below 5% of PEL) and are typically in the low ppb range for the analytes tested. The 
colorimetric sensor array is not responsive to changes in humidity or temperature over a 
substantial range and shows excellent batch to batch reproducibility and long shelf-life 
(greater than 3 months). 
Part 2 
The sense of smell is arguably the least understood of our senses, and the activation 
mechanism for olfactory receptors is still unclear. Previous work has suggested that 
vertebrate olfactory receptors are metalloproteins, utilizing metal ion ligation in an 
extracellular loop as a primary interaction with odorants. A highly conserved metal ion 
binding motif, HXXC[D,E], has been found to be present in 62-77% of all mammalian 
olfactory receptors and an alternative sequence, QXXC[D,E], is present in 76-91% of 
birds, while neither is found in other G protein-coupled receptors. This suggests an 




Highly sterically hindered bis-pocket siloxy porphyrins were synthesized to isolate 
the four-coordinate porphyrin species for the first time.  Previous work in the Suslick 
group has focused on four-coordinate Iron(III) species, however, these porphyrins 
showed no unique chemical reactivities for small molecule or C-H activation.  A number 
of different four-coordinate species (Manganeese(III), Chromium(III) and Cobalt(III)) 
with varying electronic properties were synthesized and characterized in an effort to 
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Chapter 1: Structured Substrates for Optical Sensing 
1.1. Introduction 
Over the past few decades, a variety of new optical sensing modalities have been 
developed, catalyzing research in both fundamental and the applied sciences. Current 
research, however, has increasingly exploited advances in the fabrication of materials to 
modify and greatly enhance existing sensing techniques rather than focus on developing 
entirely new sensing paradigms.  Greater control over the micro- and nano-structure of 
materials has resulted in sensor materials with increased sensitivity, multiplexing 
capabilities, or both.  For example, while surface plasmon resonance has been known for 
25 years, advances in lithographic techniques have enabled additional control over the 
fabrication of nanostructures and has opened up entirely new ways to probe single 
molecule binding events with localized surface plasmon resonance.  In addition, advances 
in silicon microfabrication have given rise to a wide variety of new structured materials 
such as photonic resonators with high q-factors. As another example, colorimetric 
indicators were a staple in analytical chemistry before instrumental analysis became 
common place; new structured sensor materials now incorporate colorimetetric dyes, 
enhancing their properties and expanding their applicability.  This chapter will highlight a 
number of recent developments of structured substrates for optically-based sensing, 
particularly involving color-changing materials. 
1.2. Surface Plasmon Sensing Substrates 
Conventional surface plasmon resonance sensing methods rely on changes in the bulk 
refractive index of the surrounding medium, which are largely insensitive to small 




the local dielectric environment at or near a plasmonic nanostructure.1-4  By designing 
highly-specific nanostructures, the local electromagnetic field can be optimized, 
producing devices capable of detecting selective binding events with incredible 
sensitivities from the local refractive index change. An assortment of structured metal 
substrates with well-controlled size and spacing have been employed for sensing with 
LSPR such as nanoholes, nanowells and other nanocrystalline shapes; representative 
structures are shown in Figure 1.1. 
 
Figure 1.1. (a) Array of elliptical Au nanodisks on a glass wafer; inset shows higher 
magnification and aspect ratio of the nanodisks (from ref. 8). (b) Scanning electron 
micrographs of a nanowell plasmonic crystal (from ref. 15). Left inset: Top view showing 
approximate nanowell diameter. Right inset: Cross-sectional view showing nanowell 
depth and continuous Au coverage on the surface. 
 
A common sensing motif in LSPR involves functionalizing the surface of the 
nanostructure with an antibody or an antigen, and flow across a sample containing the 
target analyte.  The specific binding of the analyte causes a shift in the local refractive 
index near the nanostructure, which can be measured via the interference with the 
plasmon’s evanescent wave.  This works effectivly for a variety of antibody-antigen pairs 




chorionic gonadotropin,5 nanohole arrays functionalized with glutathione s-transferase,6 
and nanowell arrays functionalized with anti-goat immunoglobulin G.7  
 Sensitivities of antibody-antigen pairs can be increased by using sandwich assays 
with modified detection antibodies. Detection antibodies for prostate-specific antigen 
(PSA), for example, were modified with alkaline phosphatase, which catalyzed the 
production of insoluble precipitates that agglomerated on the elliptical nanodisk 
substrate.8  While the PSA binding events would have been otherwise undetectable 
because the binding site of the antibody would have being outside of the plasmon’s 
evanescent wave, the build-up of precipitates caused a refractive index change that results 
in femtomolar detection limits of the antigen.  Similar precipitate-enhanced LSPR has 
been realized for the single molecule detection of horseradish peroxidase.9 
 Enhanced LSPR signals have also been achieved by using nanoparticle-conjugated 
detection antibodies, increasing anti-biotin signals by 400%.10  This phenomenon is due 
to local refractive index changes in combination with plasmonic coupling between the 
nanostructure and conjugated nanoparticle. 
LSPR is capable of detecting much more than just antibody-antigen binding, 
however.  Van Duyne and coworkers have developed triangular nanoprism sensors to 
monitor drug interaction with an immobilized cytochrome p450 enzyme within a 
membrane bilayer nanodisk,11 to observe the conformational changes of a bound 
protein,12 and even to directly detect adsorption of inert gases (i.e., He, Ar, N2) on non-
functionalized surfaces.13 Larson et al. have also displayed multiplexed detection of 
bovine serum albumin, NaCl, Coomassie blue, and liposome solutions with nanohole 
arrays.14  Similarly, Rogers, Nuzzo and coworkers have demonstrated that 
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unfunctionalized nanowell and nanopost plasmonic crystals show optical sensitivities to 
different alkanethiols15 as well as non-specific binding of proteins.7,16 
1.3. Diffraction Grating Substrates 
Diffraction gratings are another class of optical sensors that has benefited from 
advanced fabrication techniques.  In these techniques, a diffraction grating is exposed to 
light, which behaves according to the grating equation , d(sinθ m + sinθi) = mλ, in which d 
represents the spacing of the diffraction grating, θi represents the angle of incident light, 
θm is the angle of the diffraction maxima, m is a non-zero integer, and λ is the wavelength 
of light utilized.  By monitoring the change in intensity of the diffraction spots from a 
grating, researchers can probe interactions occurring on or near the diffraction 
grating.17,18  This class of sensors offers a number of advantages, including an 
extraodrinarily simple read-out, ease of fabrication, and low cost.  The gratings can also 
be fabricated using a variety of materials, enabling the use of a wide range of 
functionalization schemes. 
Wark et al.19 developed a method of optical sensing based on nanoparticle enhanced 
diffraction gratings (NEDG) that takes advantage of the coupling of plasmons between a 
gold diffraction grating and gold nanoparticles.  In this method, diffraction gratings 
consisting of 7 µm wide and 45 nm thick gold lines on an SF10 glass substrate were 
created.  The target molecule, a single-stranded DNA sequence (ssDNA), was flowed 
across the sensor surface where it bound to a capture probe.  The surface was then 
exposed to a solution of gold nanoparticles functionalized with a second ssDNA 
molecule, also complementary to the original target.  The coupling of localized surface 
plasmons on the gold sensor surface to those of the nanoparticles in the sandwich assay 
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resulted in a highly sensitive sensor.  The gratings were used as a sensing substrate by 
examining the change in first order diffraction efficiency that occurs upon binding of 
target molecules to the surface of the gratings.19  This technique was further developed to 
incorporate enzymatic amplification steps that could lead to the incorporation of 
nanoparticles to the sensor surface.20  
Another sensing method using diffraction gratings (shown in Figure 1.2) was 
conceived by Sendroiu and Corn.21  Instead of creating metallic diffraction gratings on 
the sensor substrate, the ssDNA capture probes create a diffraction grating from tagged 
gold nanoparticles.  ssDNA capture probes were patterned into 7.5 µm lines on a glass 
slide, and the target sequence of interest was flowed across the sensor surface.  This 
hybridization event alone was not sufficient to elicit a response via diffraction; instead, 
the assay incorporated gold nanoparticles functionalized with an additional sequence on 
the ssDNA that is also complementary to the target (sequence D2 in Figure 1.2).  Upon 
binding of the gold nanoparticle-ssDNA conjugates to the surface, a diffraction grating is 
generated from the assembly of the nanoparticles.  By monitoring the first-order 
diffraction measurements with simple collimated white light, Sendroiu and Corn were 
able to detect target DNA at concentrations as low as 10 pM.  By using a HeNe laser and 
avalanche photodiode, they were able to minimize background light scattering and reduce 






Figure 1.2. Schematic diagram of the nanoparticle diffraction gratings used for sensing 
ssDNA (from ref. 21).  In this method, ssDNA capture probes are patterned into lines on 
a glass substrate.  The addition of the ssDNA target DT, does not create a measurable 
signal by itself.  Instead, addition of gold nanoparticles modified with the ssDNA probe 
sequence D2 results in the formation of a diffraction grating, which can be read out 
optically. 
 
1.4. Photonic Crystals 
Photonic crystals are materials with periodic nanostructure regions of high and low 
dielectric constants, affecting electromagnetic wave propagation. This causes coherent 
and incoherent scattering according to Bragg’s law, mλ=2nd sin θ, where m is the 
diffraction order, λ is the wavelength of light, n is the refractive index of the material and 
θ is the incident angle. 1D photonic crystals, also called Bragg stacks or Bragg mirrors, 
are popular sensing materials that change color according to refractive index changes by 
adsorption or binding events within the material.22-25  Sailor and coworkers have 
developed 1D porous silicon photonic crystals that are produced by the electrochemical 
etching of crystalline silicon with hydrofluoric acid.  By alternating the current during the 
etching process, different pore structures can be imprinted into the silicon (Figure 1.3). 
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This precise control allows for a range of porous silicon materials to be synthesized, from 
discrete double layered materials to a continuously changing pore structure, which results 
in a special type of 1D photonic crystal known as a rugate filter. Rugate filter materials 
have been tailored by treating the surface of the pore walls with different functional 
groups and multiplexed for the detection of isopropanol and heptane vapors.26  A similar 
type of surface functionalization was used for the detection of HF and Cl2.27  
 
Figure 1.3. Scanning electron micrographs of (a) both layers of the porous silicon double 
layer structure and the top interface underlying silicon substrate, and (b) a close-up view 
of the double layer interface (from ref. 29). 
 
Double stacked porous silicon materials have been used by the Sailor group to detect 
ethanol, heptane, toluene, and dimethyl methylphosphonate (a simulant for sarin gas).28  
A similar double layered silicon material has also been used to monitor the enzymatic 
activity of Pepsin through the digestion of α-casein.29 Encoded multilayered porous 
silicon surfaces were also used for the multiplexed detection of DNA (Figure 1.4).30 
Since different etching currents result in characteristic reflectance properties, a 
combination of characteristic peaks can be encoded into a material by applying a specific 
current sequence to the etch process, creating a “spectral barcode” within the material.  
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By coupling a particular spectral-barcode with a specific DNA binding probe, 
fluorescence measurements can detect when a binding event occurs, and reflectivity 
measurements can determine which specific DNA sequence is fluorescing.  This allows 
for the detection and discrimination of multiple analytes within the same sample.  Lee et 
al. have also used multi-layered porous silicon photonic crystals for the detection of a 




Figure 1.4. Scanning electron micrograph of porous silicon substrates used for 





Figure 1.5. Optical photographs (a through e) and difference images (a’ through e’) of a 
porous silicon Bragg mirror exposed to ethanol vapor at concentrations of (a) 0 ppm, (b) 
140 ppm, (c) 2000ppm, (d) 10,000ppm and (e) 22,500ppm. The difference images are 
multiplied by a factor of 10 to show the changed segments of color clearly (from ref. 31). 
 
Hybrid photonic crystals have also been produced for optical detection of a variety of 
analytes.  Míguez and coworkers have developed Bragg reflector materials based on 
alternating SiO2-TiO2 layers for the detection of isopropanol, water, toluene and 
chlorobenzene.33,34  De Stefano et al. used a porous silicon photonic crystal with amino-
functionalized poly(ε-caprolactone) for the detection of isopropanol, ethanol and 
methanol.35 The polymer coating was found to protect the silicon from alkaline 
dissolution without adversely affecting detection limits.  The Sailor group used a porous 
silica photonic crystal backfilled with an acrylic hydrogel for the optical detection of pH 
and temperature changes. 36 
Ozin and coworkers have developed an alternative bottom-up synthetic pathway to 
1D photonic crystals using nanoparticle assemblies (Figure 1.6).  Alternating films of 
mesoporous silica and titania nanoparticle films were capable of optical detection of 
varying pressures of toluene vapor.37 Alternating α-Fe2O3/WO3 nanoparticle films and 
ZnO/WO3 nanoparticle films were used in a similar fashion for the optical discrimination 
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of ethanol, isopropanol, n-propanol, and tert-butanol.38 Additionally, alternating SiO2 and 
TiO2 nanoparticle layers with nine different surface functionalities have been used for the 
multiplexed detection and discrimination of six different volatile organic solvents and 
four different bacteria strains (Figure 1.7).39  
 
Figure 1.6. (a) SEM cross section image of a porous nanoparticle α-Fe2O3 thin film; (b) 
SEM cross section image of a porous nanoparticle ZnO thin film; (c) SEM cross-section 
image of two double layers of a nanoparticle α-Fe2O3/WO3 Bragg mirror; (d) optical 
photograph showing yellow reflectivity of spin-coated three double layer ZnO/WO3 
Bragg Mirror; (e) optical photograph showing green reflectivity of spin coated three 




Figure 1.7. Optical images of an array of nine different functionalized plasmonic crystals 
used for the detection of organic vapors (from ref. 39). 
 
1.5. Photonic Resonators 
Another class of sensors that have used highly structured substrates are photonic 
resonators.40,41  Light is coupled into a dielectric material (most commonly silicon) via 
the evanescent field of a neighboring optical fiber or waveguide.  If the frequency of the 
incident light satisfies a resonance condition, described by mλ = 2πrneff where m is a non-
zero integer, λ is the wavelength of incident light, r is the radius of the resonator, and neff 
is the effective refractive index of the environment surrounding the resonator, then light 
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undergoes constructive interference within the dielectric cavity. This can be monitored by 
a decrease in the transmission of the incident optical fiber or waveguide.   
These resonators can be functionalized with a variety of capture agents (e.g., 
antibodies, cDNA probes) fairly easily due to the wide availability of chemistries 
compatible with silicon oxide surfaces.  Upon binding of a target analyte, the local 
refractive index of the resonator changes, shifting the wavelength required for optical 
resonance.  By monitoring the change in resonance frequency, one can quantitatively 
monitor the binding of a target molecule to the resonator.  Because these sensors are 
fabricated with high precision, the resonators demonstrate narrow resonance peaks, 
allowing for incredibly small wavelength shifts to be monitored.   
These sensors have been developed in a number of different geometric 
configurations, each offering its own advantages.  Microtoroids (Figure 1.8a) are one of 
the most sensitive classes of photonic resonators, offer Q (quality) factors in excess of 
108 and have even demonstrated the ability to resolve single-molecule binding events.42  
Microsphere resonators, another class of highly sensitive photonic resonators (albeit with 
lower Q-factors, ~3 x 105),  are able to resolve the binding of single virus particles.43  
Both of these resonator classes, however, are extremely difficult to fabricate in an array 







Figure 1.8.  Scanning electron micrographs of (a) a microtoroid photonic resonator (from ref. 42) 
(b) an array of microring resonators (from ref. 53). The inset shows an individual microring next 
to a linear waveguide, both which have been revealed within an annular opening inside a polymer 
cladding layer. 
 
Capillaries can provide another design for photonic resonators, where the cross-
section of a glass capillary acts as an optical resonator against an optical waveguide. This 
modality incorporates microfluidics directly into the sensing element and allows for the 
use of extremely small sample volumes. The use of a capillary also permits a number of 
separation processes to be incorporated into the assays prior to sensing. Fan and 
coworkers have demonstrated the use of capillary based resonators for the detection of a 
wide range of analytes, including DNA,44 proteins,45,46 gases47-49 and viruses.50  They 
have also reported a Q-factor as high as 106 for the resonators.   While this class of 
resonator has the potential for multiplexed measurements, this capability has not yet been 
fully implemented. 
An alternative photonic resonator is based on microring waveguides.  In contrast to 
the other types of photonic resonators, microrings demonstrate a lower Q-factor (Q = 
43,000) and sensitivity (Figure 1.8b).51  One of the key advantages of microrings over 
other geometries is that their fabrication is highly amenable towards massively 
multiplexed arrays: the microring and waveguide are both on the same substrate, which 
makes for significantly easier fabrication and alignment.  Utilizing microring resonators, 
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the Bailey group has demonstrated a wide range of sensing array applications including 
the multiplexed detection of proteins,52 nucleic acids,53 and cytokines.54  
1.6. Colorimetric Sensor Substrates 
Structured substrates are also used in colorimetric detection methods which can be 
easily adapted to a variety of analytes. As discussed below, colorimetric detection 
methods have the advantage of being inexpensive due to the ubiquitous nature of digital 
photographic imaging, which also allows them to be highly portable. There has been 
substantial recent colorimetric research using surface functionalized nanoparticles where 
optical properties change due to the distance-dependent interactions of nanoparticle 
aggregates; these materials will not be reviewed here, having been thoroughly discussed 
elsewhere by Mirkin,55 Lu,56 and Rotello.57 
A central requirement of all colorimetric sensors is analyte access to the 
chromophores.  Porosity on the nanometer scale is critical for rapid exposure of 
colorimetric indicators to the environment containing potential analytes.  One may even 
argue that litmus paper is the predecessor to all sensors with structured substrates, given 
the microfibrous nature of cellulose paper.  To this end, the development of periodic 
mesoporous silica materials has proved of use for some colorimetric sensors.  Silica has a 
number of advantages as a host material for colorimetric probes including optical 
transparency, relative inertness to both gasses and liquids, good stability over a wide 
range of pH, and high surface areas. Highly ordered mesoporous materials are typically 
synthesized using structure-directing surfactant templates, such as CTAB 
(cetyltrimethylammonium bromide) or the triblock copolymers. These sacrificial 
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templates form columnar micelles which direct silica condensation, resulting in the 
formation of highly periodic and highly tunable porous materials.58-60  
After template removal, the resulting material can then be functionalized or doped 
with reactive chromophores for colorimetric sensing and such materials have recently 
been used for metal ion sensing especially, but also a range of liquid and phase organics.  
Jung and coworkers have developed mesoporous silica based colorimetric sensors for the 
detection of Cu2+ and Hg2+ cations based on covalently tethered chromophores.61,62  
Similarly, El Safty et al. have demonstrated Co2+, Cu2+ and Hg2+ detection using 
electrostatically immobilized indicators.63-65 Martínez-Máñez and coworkers have 
recently reported five different mesoporous silica based sensors used in a multiplexed 
system for the detection and discrimination of 12 biologically relevant anions (e.g., 
glutamate, ADP, ATP) at physiological pH.66 This group has also recently produced Hg2+ 
and pyrophosphate sensors using immobilized squarine dyes67,68 in addition to a size-
selective amine sensor.69  Johnson and coworkers have used phenyl containing silica 
materials further functionalized with porphyrin indicators for the detection of 
hydrocarbons such as benzene, toluene, cyclohexane and hexane.70,71 Li and Stein 
developed a hierarchical material where mesoporous silica spheres containing 
immobilized tetra(1-methyl-4-pyridal)porphyrin were entrapped in a periodic 
mesoporous silica skeleton that was capable of detecting Cd2+ ions at low ppb 
concentrations (Figure 1.9).72 The two-stage approach could allow for the embedding of 
mesoporous spheres containing functionalities that may not otherwise be compatible with 




Figure 1.9. (a) SEM image showing an overview of the composite film of mesoporous 
silica spheres in a mesoporous silica framework (from ref. 54). (b) Cross-sectional view 
of the composite film. (c) scanning electron micrograph showing the composite structure 
of spheres within the silica matrix. (d) Transmission electron micrograph revealing the 
mesoporous structure in the silica matrix used to embed the spheres. (e) UV-vis 
absorption spectra of the composite exposed to solutions containing the indicated 
concentrations of Cd2+ ions. The insets show digital photographs of the sensing materials 
as synthesized (left) and in a 20 ppb Cd2+ solution (right). 
 
There are a few downsides to using highly ordered mesoporous materials for 
colorimetric sensing applications: the sacrificial templates are relatively expensive and 
the synthesis complicated by the washing or calcination for template removal. This forces 
the user to make and treat the material before it can be impregnated with the probe 
molecule, and typically only one indicator is used. This makes array-based sensing 
difficult, as each host/dye combination would have to be synthesized separately, and 
different types of indicators may require different immobilization pathways.  
Occasionally the selected dye can be simply physisorbed to the host material, but, 
typically, synthetic functionalization of the pore walls, the indicator, or both is used to 
ensure the indicator remains in the host. This, however, adds additional processing steps 
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(e.g. purification and characterization) and not all indicator molecules can be modified 
with such groups while maintaining activity. 
As an alternative to the periodic materials above, porous silica can be produced 
template-free and doped with various indicators for an assortment of sensing 
applications.73-75 These materials circumvent complex processing steps of the periodic 
mesoporous silica by simply allowing an amorphous silica matrix to form around the 
indicator molecules, effectively trapping them within the solid as condensation occurs, 
while still allowing access of the chromophore to environmental analytes. The Suslick 
group has used these sol-gel materials to develop printable colorimetric sensor arrays 
based on chemically-responsive porous pigments and will be discussed further in Chapter 
2.76-83   
1.7. Conclusion 
In conclusion, an assortment of optically-based chemical sensing techniques have 
benefitted from the use of micro- and nano-structured substrates, resulting in devices with 
improved capabilities. There still remains room for improvement in these sensors, 
though.  Most such sensors have been developed the detection of a single analyte, 
particularly in bioassays utilizing antibody-antigen pairs, while multiplexed systems are 
generally in an early stage of development.  Substrate specificity remains a challenge, 
particularly for low level detection of analytes in the complex milieu that biofluids 
generally contain. The alternative method of chemical specificity from pattern 
recognition of sensor arrays has proved especially useful in environmental analysis in 





(1) Englebienne, P. Analyst 1998, 123, 1599-1603. 
(2) Malinsky, M. D.; Kelly, K. L.; Schatz, G. C.; Van Duyne, R. P. J. Am. Chem. Soc. 
2001, 123, 1471-1482. 
(3) Haes, A. J.; Van Duyne, R. P. J. Am. Chem. Soc. 2002, 124, 10596-10604. 
(4) Stewart, M. E.; Anderton, C. R.; Thompson, L. B.; Maria, J.; Gray, S. K.; Rogers, J. 
A.; Nuzzo, R. G. Chem. Rev. 2008, 108, 494-521. 
(5) Bendikov, T. A.; Rabinkov, A.; Karakouz, T.; Vaskevich, A.; Rubinstein, I. Anal. 
Chem. 2008, 80, 7487-7498. 
(6) Yang, J.-C.; Ji, J.; Hogle, J. M.; Larson, D. N. Nano Lett. 2008, 8, 2718-2724. 
(7) Stewart, M. E.; Yao, J.; Maria, J.; Gray, S. K.; Rogers, J. A.; Nuzzo, R. G. Anal. 
Chem. 2009, 81, 5980-5989. 
(8) Lee, S.-W.; Lee, K.-S.; Ahn, J.; Lee, J.-J.; Kim, M.-G.; Shin, Y.-B. ACS Nano 
2011, 5, 897-904. 
(9) Chen, S.; Svedendahl, M.; Van Duyne, R. P.; Kaell, M. Nano Lett. 2011, 11, 1826-
1830. 
(10) Hall, W. P.; Ngatia, S. N.; Van Duyne, R. P. J. Phys. Chem. C 2011, 115, 1410-
1414. 
(11) Das, A.; Zhao, J.; Schatz, G. C.; Sligar, S. G.; Van Duyne, R. P. Anal. Chem. 
(Washington, DC, U. S.) 2009, 81, 3754-3759. 
(12) Hall, W. P.; Modica, J.; Anker, J.; Lin, Y.; Mrksich, M.; Van Duyne, R. P. Nano 
Lett. 2011, 11, 1098-1105. 
(13) Bingham, J. M.; Anker, J. N.; Kreno, L. E.; Van Duyne, R. P. J. Am. Chem. Soc. 
2010, 132, 17358-17359. 
(14) Yang, J.-C.; Ji, J.; Hogle, J. M.; Larson, D. N. Biosens. Bioelectron. 2009, 24, 2334-
2338. 
(15) Yao, J.; Stewart, M. E.; Maria, J.; Lee, T.-W.; Gray, S. K.; Rogers, J. A.; Nuzzo, R. 
G. Angew. Chem., Int. Ed. 2008, 47, 5013-5017. 
(16) Truong, T. T.; Maria, J.; Yao, J.; Stewart, M. E.; Lee, T. W.; Gray, S. K.; Nuzzo, R. 
G.; Rogers, J. A. Nanotechnology 2009, 20, 434011/1-434011/8. 
(17) Mines, G. A.; Tzeng, B. C.; Stevenson, K. J.; Li, J. L.; Hupp, J. T. Angew. Chem., 
Int. Ed. 2002, 41, 154-157. 




(19) Wark, A. W.; Lee, H. J.; Qavi, A. J.; Corn, R. M. Anal. Chem. 2007, 79, 6697-6701. 
(20) Lee, H. J.; Wark, A. W.; Corn, R. M. Analyst 2008, 133, 596-601. 
(21) Sendroiu, I. E.; Corn, R. M. Biointerphases 2008, 3, FD23-FD29. 
(22) Holtz, J. H.; Asher, S. A. Nature 1997, 389, 829-832. 
(23) Li, Y. Y.; Cunin, F.; Link, J. R.; Gao, T.; Betts, R. E.; Reiver, S. H.; Chin, V.; 
Bhatia, S. N.; Sailor, M. J. Science 2003, 299, 2045-2047. 
(24) Scott, R. W. J.; Yang, S. M.; Chabanis, G.; Coombs, N.; Williams, D. E.; Ozin, G. 
A. Adv. Mater. 2001, 13, 1468-1472. 
(25) Lee, Y. J.; Braun, P. V. Adv. Mater. 2003, 15, 563-566. 
(26) Ruminski, A. M.; King, B. H.; Salonen, J.; Snyder, J. L.; Sailor, M. J. Adv. Funct. 
Mater. 2010, 20, 2874-2883. 
(27) Ruminski, A. M.; Barillaro, G.; Chaffin, C.; Sailor, M. J. Adv. Funct. Mater. 2011, 
21, 1511-1525. 
(28) Ruminski, A. M.; Moore, M. M.; Sailor, M. J. Adv. Funct. Mater. 2008, 18, 3418-
3426. 
(29) Orosco, M. M.; Pacholski, C.; Sailor, M. J. Nat. Nanotechnol. 2009, 4, 255-258. 
(30) Meade, S. O.; Chen, M. Y.; Sailor, M. J.; Miskelly, G. M. Anal. Chem. 2009, 81, 
2618-2625. 
(31) Park, S. H.; Seo, D.; Kim, Y. Y.; Lee, K. W. Sens. Actuators, B 2010, 147, 775-779. 
(32) Kim, H. J.; Kim, Y. Y.; Lee, K. W. Sens. Actuators, A 2011, 165, 276-279. 
(33) Hidalgo, N.; Calvo, M. E.; Miguez, H. Small 2009, 5, 2309-2315. 
(34) Gonzalez-Garcia, L.; Lozano, G.; Barranco, A.; Miguez, H.; Gonzalez-Elipe, A. R. 
J. Mater. Chem. 2010, 20, 6408-6412. 
(35) De Stefano, L.; Rotiroti, L.; De Tommasi, E.; Rea, I.; Rendina, I.; Canciello, M.; 
Maglio, G.; Palumbo, R. J. Appl. Phys. 2009, 106. 
(36) Perelman, L. A.; Moore, T.; Singelyn, J.; Sailor, M. J.; Segal, E. Adv. Funct. Mater. 
2010, 20, 826-833. 
(37) Kobler, J.; Lotsch, B. V.; Ozin, G. A.; Bein, T. ACS Nano 2009, 3, 1669-1676. 
(38) Redel, E.; Mirtchev, P.; Huai, C.; Petrov, S.; Ozin, G. A. ACS Nano 2011, 5, 2861-
2869. 
(39) Bonifacio, L. D.; Puzzo, D. P.; Breslav, S.; Willey, B. M.; McGeer, A.; Ozin, G. A. 




(40) Vollmer, F.; Braun, D.; Libchaber, A.; Khoshsima, M.; Teraoka, I.; Arnold, S. Appl. 
Phys. Lett. 2002, 80, 4057-4059. 
(41) Arnold, S.; Khoshsima, M.; Teraoka, I.; Holler, S.; Vollmer, F. Opt. Lett. 2003, 28, 
272-274. 
(42) Armani, A. M.; Kulkarni, R. P.; Fraser, S. E.; Flagan, R. C.; Vahala, K. J. Science 
2007, 317, 783-787. 
(43) Vollmer, F.; Arnold, S.; Keng, D. Proc. Natl. Acad. Sci. U. S. A. 2008, 105, 20701-
20704. 
(44) Suter, J. D.; White, I. M.; Zhu, H. Y.; Shi, H. D.; Caldwell, C. W.; Fan, X. D. 
Biosens. Bioelectron. 2008, 23, 1003-1009. 
(45) Zhu, H. Y.; Suter, J. D.; White, I. M.; Fan, X. D. Sensors 2006, 6, 785-795. 
(46) Zhu, H. Y.; Dale, P. S.; Caldwell, C. W.; Fan, X. D. Anal. Chem. 2009, 81, 9858-
9865. 
(47) Sun, Y. Z.; Liu, J.; Frye-Mason, G.; Ja, S. J.; Thompson, A. K.; Fan, X. D. Analyst 
2009, 134, 1386-1391. 
(48) Sun, Y. Z.; Shopova, S. I.; Frye-Mason, G.; Fan, X. D. Opt. Lett. 2008, 33, 788-
790. 
(49) Shopova, S. I.; White, I. M.; Sun, Y.; Zhu, H. Y.; Fan, X. D.; Frye-Mason, G.; 
Thompson, A.; Ja, S. J. Anal. Chem. 2008, 80, 2232-2238. 
(50) Zhu, H. Y.; White, I. M.; Suter, J. D.; Zourob, M.; Fan, X. D. Analyst 2008, 133, 
356-360. 
(51) Iqbal, M.; Gleeson, M. A.; Spaugh, B.; Tybor, F.; Gunn, W. G.; Hochberg, M.; 
Baehr-Jones, T.; Bailey, R. C.; Gunn, L. C. IEEE J. Sel. Top. Quantum Electron. 
2010, 16, 654-661. 
(52) Washburn, A. L.; Luchansky, M. S.; Bowman, A. L.; Bailey, R. C. Anal. Chem. 
2010, 82, 69-72. 
(53) Qavi, A. J.; Bailey, R. C. Angew. Chem., Int. Ed. 2010, 49, 4608-4611. 
(54) Luchansky, M. S.; Bailey, R. C. Anal. Chem. 2010, 82, 1975-1981. 
(55) Giljohann, D. A.; Seferos, D. S.; Daniel, W. L.; Massich, M. D.; Patel, P. C.; 
Mirkin, C. A. Angew. Chem., Int. Ed. 2010, 49, 3280-3294. 
(56) Lu, Y.; Liu, J. W. Wiley Interdiscip. Rev.-Nanomed. Nanobiotechnol. 2009, 1, 35-
46. 




(58) Wan, Y.; Shi, Y. F.; Zhao, D. Y. Chem. Commun. 2007, 897-926. 
(59) Lin, H. P.; Mou, C. Y. Acc. Chem. Res. 2002, 35, 927-935. 
(60) Scott, B. J.; Wirnsberger, G.; Stucky, G. D. Chem. Mater. 2001, 13, 3140-3150. 
(61) Kim, H. J.; Lee, S. J.; Park, S. Y.; Jung, J. H.; Kim, J. S. Adv. Mater 2008, 20, 
3229-3234. 
(62) Kim, E.; Seo, S.; Seo, M. L.; Jung, J. H. Analyst 2010, 135, 149-156. 
(63) El-Safty, S. A. Adsorption 2009, 15, 227-239. 
(64) El-Safty, S. A.; Ismail, A. A.; Shahat, A. Talanta 2011, 83, 1341-1351. 
(65) El-Safty, S. A. J. Mater. Sci. 2009, 44, 6764-6774. 
(66) Comes, M.; Aznar, E.; Moragues, M.; Marcos, M. D.; Martinez-Manez, R.; 
Sancenon, F.; Soto, J.; Villaescusa, L. A.; Gil, L.; Amoros, P. Chem.--Eur. J. 2009, 
15, 9024-9033. 
(67) Climent, E.; Casasus, R.; Marcos, M. D.; Martinez-Manez, R.; Sancenon, F.; Soto, 
J. Dalton Trans. 2009, 4806-14. 
(68) Ros-Lis, J. V.; Casasus, R.; Comes, M.; Coll, C.; Marcos, M. D.; Martinez-Manez, 
R.; Sancenon, F.; Soto, J.; Amoros, P.; El Haskouri, J.; Garro, N.; Rurack, K. 
Chem.--Eur. J. 2008, 14, 8267-8278. 
(69) Comes, M.; Marcos, M. D.; Martinez-Manez, R.; Sancenon, F.; Villaescusa, L. A.; 
Graefe, A.; Mohr, G. J. J. Mater. Chem. 2008, 18, 5815-5823. 
(70) Johnson-White, B.; Zeinali, M.; Shaffer, K. M.; Patterson, C. H.; Charles, P. T.; 
Markowitz, M. A. Biosens. Bioelectron. 2007, 22, 1154-1162. 
(71) Johnson, B. J.; Anderson, N. E.; Charles, P. T.; Malanoski, A. P.; Melde, B. J.; 
Nasir, M.; Deschamps, J. R. Sensors 2011, 11, 886-904. 
(72) Li, F.; Stein, A. Chem. Mater. 2010, 22, 3790-3797. 
(73) Jeronimo, P. C. A.; Araujo, A. N.; Montenegro, M. C. B. S. M. Talanta 2007, 72, 
13-27. 
(74) Podbielska, H.; Ulatowska-Jarza, A.; Muller, G.; Eichler, H. J., Sol-Gels for Optical 
Sensors; Springer: Erice, Italy, 2006. 
(75) Avnir, D. Acc. Chem. Res. 1995, 28, 328-334. 
(76) Lim, S. H.; Kemling, J. W.; Feng, L.; Suslick, K. S. Analyst 2009, 134, 2453-2457. 




(78) Lim, S. H.; Feng, L.; Kemling, J. W.; Musto, C. J.; Suslick, K. S. Nature Chem. 
2009, 1, 562-567. 
(79) Feng, L.; Musto, C. J.; Kemling, J. W.; Lim, S. H.; Suslick, K. S. Chem. Commun. 
2010, 46, 2037-2039. 
(80) Feng, L.; Musto, C. J.; Kemling, J. W.; Lim, S. H.; Zhong, W.; Suslick, K. S. Anal. 
Chem. 2010, 82, 9433-9440. 
(81) Suslick, B. A.; Feng, L.; Suslick, K. S. Anal. Chem. 2010, 82, 2067-2073. 
(82) Lim, S. H.; Musto, C. J.; Park, E.; Zhong, W.; Suslick, K. S. Org. Lett. 2008, 10, 
4405-4408. 




Chapter 2: Porous Pigment Array Development and Characterization 
2.1. Introduction 
Sensing technology for toxic gases is important for both security and environmental 
monitoring.1,2 Array based sensing technology employing cross-responsive sensor 
elements has emerged as a powerful new approach toward the detection of chemically 
diverse analytes.3  These sensing systems mimic the mammalian gustatory and olfactory 
systems by producing specificity not from any single sensor, but as a unique composite 
response for each analyte.4-12  Previous electronic nose technology, however, does not use 
disposable arrays and therefore generally must employ weak chemical interactions (e.g., 
physical adsorption or absorption) to avoid irreversible poisoning; such approaches have 
included the use of conductive polymers and polymer composites,13 polymers doped with 
fluorescent reporters,14 metal oxides for electrochemical oxidation,15,16 and polymer-
coated surface acoustic wave (SAW) devices.17 
 The Suslick group previously developed a different, but simple, optoelectronic 
approach18-21 using a colorimetric sensor array of chemically-responsive dyes for the 
detection of a wide range of analytes both in the gas phase22,23 and in aqueous 
solutions.24-26 The design of the colorimetric sensor array is based on two fundamental 
requirements:  (1) the chemically responsive pigment must contain a center that interacts 
strongly with analytes, and (2) this interaction center must be strongly coupled to an 
intense chromophore.  The first requirement implies that the interaction must not be 
simple physical adsorption, but rather must involve other, stronger chemical interactions, 
i.e., bond formation, acid-base reactions, or strong dipolar communication.  The 
consequent dye classes from these requirements include (1) Lewis acid/base dyes (i.e., 
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metal ion containing dyes, typically metalated tetraphenylporphyrins), (2) Brønsted 
acidic or basic dyes (i.e., pH indicators), and (3) dyes with large permanent dipoles (i.e., 
zwitterionic solvatochromic dyes).  Metalloporphyrins are a natural choice for the 
detection of metal-ligating vapors because of their ability to bind to nearly all metal ions, 
their open coordination sites for strong axial ligation to the metal ions, their excellent 
chemical and thermal stability, their large spectral shifts upon ligand binding, and their 
intense coloration. The colors of the dyes are affected by a wide range of analyte-dye 
interactions (e.g., pH, Lewis acid-base, dipolar, π-π). The arrays were made using soluble 
molecular dyes in a semifluid polymer film that were printed onto a porous membrane.  
While effective, these semifluid array formulations suffered from limited shelf-life, 
displaying deteriorated array response after extended storage; this was partly due to 
crystallization of the dyes and partly to chemical reactivity of the dyes while in solution. 
  In recent related work, a new liquid sensing array methodology was developed 
based on the use of printed arrays of porous, insoluble pigments created by the 
immobilization of organic molecules in organically modified siloxanes (ormosils).27-30 
Porous sol–gel glasses provide excellent matrices for colorants due to their high surface 
area, relative inertness to both gases and liquids, good stability over a wide range of pH, 
and optical transparency.31-33 In addition, the physical and chemical properties of the 
matrix (e.g., hydrophobicity, porosity) can be easily modified by changing the sol–gel 
formulations.  The use of porous pigments in aqueous sensing improved the shelf-life of 
the sensor array and prevented colorant leaching problems in aqueous media.34,35  This 
work was extended to colorimetric detection of toxic industrial chemicals at ppb 
concentrations36-38 and even complex odorants (e.g. coffee aromas)39 by incorporating 
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additional classes of indicators, such as metalloporphyrins and solvatochromic indicators, 
into sol-gel matrices, and optimizing formulation conditions for gas sensing. This chapter 
will discuss the porous pigment formulations for gas sensing and the characterization of 
the materials on two different substrates: a porous polyvinylidene difluoride (PVDF) 
membrane and a non-porous polyethylene terephthalate (PET) film.  The use of the arrays 
for the detection of toxic industrial chemicals will be discussed in Chapter 3. 
2.2. Porous Pigment Arrays on PVDF Membrane 
  By printing the formulations directly onto an inert PVDF membrane, the high 
surface area and stable environment of the ormosil matrices is combined with the 
macroporosity of the membrane to enhance mass transport of the analyte to the internal 
sections where the porous pigments can react with the analyte. 
2.2.1. Experimental   
PVDF ([CH2CF2]n) membrane (thickness: 165 µm; pore size: 0.45 µm) was obtained 
from VWR Scientific (Batavia, IL).  All chemicals used were of analytical-reagent grade 
and employed without further purification.  For characterization of the printed ormosil 
pigments, scanning electron microscopy (SEM) was carried out on a JEOL JSM-7000F. 
SEM samples were sputtered with carbon to prevent surface charging without interfering 
with the silicon Kα EDS signal. The samples were observed at a 10 mm working distance 
with an operating voltage of 20 keV.  Cross-sections were prepared by perforating the 
membrane with a surgical scalpel between spots and tearing the spot in half. 
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2.2.1.1. Ormosil Formulations for Immobilizing Porphyrins 
Phenethyltrimethoxysilane, diethylene glycol dimethyl ether, 1,2-dichlorobenzene 
and nano-pure water were combined in a molar ratio ~1:8:6:3.  The resulting solution was 
stirred overnight at room temperature. 
2.2.1.2. Ormosil Formulations for Immobilizing pH or Solvatochromic Indicators 
Methyltriethoxysilane, triethoxy(octyl)silane, HCl (0.1 M aqueous),  
2-methoxyethanol, propylene glycol monomethyl ether acetate, and nano-pure water 
were combined in a molar ratio ~1:1:0.05:25:10:70.  The solution was stirred overnight at 
room temperature.   
2.2.1.3. Array printing 
After the formulations above were prepared, the solution was added to the appropriate 
indicators for the array (Table 2.1).  For indicators 11-20, the pH was adjusted to keep the 
indicator in the base form by adding 20 μL of 1.0 M NaOH in a 1:1  
H2O/2-methoxyethanol solution.  The final formulations were loaded into a 36-hole 
Teflon ink well.  Sensor arrays were printed using an array of 36 floating slotted pins 
(which delivered approximately 130 nL each) by dipping the pins into the ink well and 
transferring the formulation solution to the PVDF membrane.  From this volume, we 
estimate that the silica matrix occupies less than 3% of the total membrane volume.  Once 
printed, the arrays were aged under nitrogen for at least three days before any sensing 
experiments were performed. After curing, the arrays were sealed in a cartridge and used 
as sensor elements for the detection of a variety of analytes. 
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Table 2.1. List of the colorants for the colorimetric sensor array on PVDF membrane. 
Spot # Name mg/mL
1 2,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphine zinc(II)  3.0 
2 5,10,15,20-Tetraphenyl-21H,23H-porphine zinc(II) 5.0 
3 5,10,15,20-Tetrakis(2,4,6-trimethylphenyl)porphine zinc(II) 4.0 
4 5,10,15,20-Tetrakis(pentafluorophenyl)-21H,23H-porphine zinc(II) 4.0 
5 5,10,15,20-Tetraphenyl-21H,23H-porphine manganese(III) Cl 5.0 
6 5,10,15,20-Tetrakis(pentafluorophenyl)-21H,23H-porphine iron(III) Cl  5.0 
7 5,10,15,20-Tetraphenyl-21H,23H-porphine cobalt(II) 3.0 
8 5,10,15,20-Tetraphenyl-21H,23H-porphine indium(III) Cl 3.0 
9 5,10,15,20-Tetrakis(2,4,6-trimethylphenyl)-21H,23H-porphyrin 4.0 
10 5,10,15,20-Tetrakis(4-hydroxyphenyl)-21H,23H-porphyrin  4.0 
11 Fluorescein + NaOH* 2.0 
12 Methyl Red + NaOH* 4.0 
13 Chlorophenol Red + NaOH* 4.0 
14 Phenol Red + NaOH* 4.0 
15 Brilliant Yellow + NaOH* 4.0 
16 Cresol Red + NaOH* 4.0 
17 m-Cresol Purple + NaOH* 4.0 
18 Thymol Blue + NaOH* 4.0 
19 Alizarin + NaOH* 2.0 
20 Basic Fuchsin + NaOH* 2.0 
21 Crystal Violet 1.0 
22 Metanil Yellow 4.0 
23 Methyl Orange 2.0 
24 Bromocresol Green 4.0 
25 Methyl Red   4.0 
26 Bromophenol Red 4.0 
27 Bromothymol Blue   4.0 
28 Nitrazine Yellow  4.0 
29 Acridine Orange Base 4.0 
30 Naphthol Blue Black 1.0 
31 Bromopyrogallol Red 2.0 
32 Pyrocatechol Violet 2.0 
33 Nile Red 0.5 
34 Nile Blue 4.0 
35 Disperse Orange  #25 1.0 
36 Reichardt's Dye #3 1.0 




2.2.2. Characterization of Porous Pigments on PVDF Membrane 
To confirm that the formulations did not clog the pores or damage the PVDF 
morphology upon printing, SEM images of non-printed and printed areas of the 
membrane were taken (Figures 2.1a and 2.1b, respectively). It is clear that printing did 
not alter the porosity of the membrane in any way, confirming that the sol-gel deposition 
did not fill the pores of the PVDF.  Furthermore, our printing formulations did not 
damage or dissolve the PVDF membrane and the microstructure of the membrane was 
completely unaffected by the aggressive solvents used in the formulations.  Importantly, 
no large silica clusters were observed in the membrane, which is critical to the 
maintenance of the polymer macroporosity necessary for gas mass transport of analytes 
to the internal sections of the membrane; the SEM of the cross-section of the polymer 
(Figure 2.1c) shows that this is true for the entire depth of the polymer. If large silica 
clusters had been formed, response time may have suffered due to analyte diffusion 
through such pigment clusters. 
Figure 2.1 SEM micrographs of (a) non-printed PVDF membrane surface, (b) printed 
PDVF membrane surface, and (c) printed PDVF membrane cross-section. 
 
To further investigate the dispersion of the porous pigments in the membrane, X-ray 
energy-dispersive spectroscopy (EDS) elemental mapping analysis was carried out both 
on the top surface and on a cross-section of a representative pigment spot printed on the 
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employed without further purification. The name and manufacturer of the surfactants 
used in the formulations are omitted to protect proprietary information. For 
characterization of the printed ormosil pigments, SEM and EDS were performed on a 
JEOL JSM-7000F, transmission electron microscopy (TEM) was performed using a 
JEOL JEM 2100cryo, and atomic force microscopy (AFM) was performed on an Asylum 
Research MFP-3D. 
SEM samples were sputtered with carbon to prevent surface charging. Sample cross-
sections were prepared by using a surgical scalpel to cut the PET/spot in half. The 
working distance was 10 mm at an operating voltage of 20 keV.  For TEM, pigment was 
deposited onto a lacey carbon copper TEM grid, and observed under a 200 keV 
extracting voltage. AFM topography maps were generated using an AMF equipped with 
a Budget Sensor BS-Tap300Al AFM tip in tapping mode. 
2.3.1.1. Ormosil Formulations for Immobilizing Porphyrins 
Phenethyltrimethoxysilane, tetraethoxysilane, diethylene glycol dimethyl ether,  
1,2-dichlorobenzene and nano-pure water were combined in a molar ratio 
~1:0.09:1.3:3.6:3.3.  Additionally, a surfactant (0.1%/vol.) was added to help aid surface 
wetting.  The resulting solution was stirred for four hours at 60 oC. 
2.3.1.2. Ormosil Formulations for Immobilizing pH or Solvatochromic Indicators 
Methyltriethoxysilane, triethoxy(octyl)silane, HCl (0.1 M aqueous),  
2-methoxyethanol, propylene glycol monomethyl ether acetate, 1,2-dichlorobenzene, and 
nano-pure water were combined in a molar ratio ~1:1:0.01:10:5:1:20.  An additional 
surfactant (1%/vol.) was added to assist in surface wetting.  The solution was stirred at  
60 oC for four hours. 
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2.3.1.3. Ormosil Formulations for Immobilizing Base-Treated pH Indicators 
Tetraethoxysilane, triethoxy(octyl)silane, HCl (0.1 M aqueous), 2-methoxyethanol, 
propylene glycol monomethyl ether acetate, and nano-pure water were combined in a 
molar ratio ~1:1:0.01:11:5:19.  An additional surfactant (1%/vol.) was added to assist in 
surface wetting.  The solution was stirred overnight at room temperature. 
2.3.1.4. Ormosil Formulations for Immobilizing Redox Active Metal Salts 
Tetraethoxysilane, triethoxy(octyl)silane, HNO3 (0.1 M aqueous), 2-methoxyethanol, 
propylene glycol monomethyl ether acetate, and nano-pure water were combined in a 
molar ratio ~1:1:0.01:11:5:19.  An additional surfactant (1%/vol.) was added to assist in 
surface wetting.  The solution was stirred overnight at room temperature. 
2.3.2. Array Printing 
After the formulations were prepared, the solution was added to the required 
indicators (Table 2.2).  The final ormosil formulations with colorants were loaded into a 
multi-hole Teflon inkwell.  A robotic printer (ArrayIt NanoPrint LM60) equipped with 
floating slotted pins (V&P Scientific, San Diego) delivered each solution by dipping into 
the inkwell and transferring ~130 nL of each formulation onto a PET film.  The ormosil 
was allowed to cure under a slow stream of nitrogen for at least three days to allow full 
crosslinking and loss of the porogens, forming an ormosil xerogel. For most of the 
chemical sensing applications a printed array of 36 different ormosil formulations is 
generated, as shown in Figure 2.4a.  After curing, the arrays were sealed in a cartridge 




Table 2.2. List of the colorants for the colorimetric sensor array on PET. 
 
Spot # Name mg/mL
1 5,10,15,20-tetraphenylporphyrinato zinc(II) 6.0 
2 5,10,15,20-tetrakis(2,4,6-trimethylphenyl)porphyrinato zinc(II) 4.0 
3 5,10,15,20-tetrakis(pentafluorophenyl)porphyrinato zinc(II) 6.0 
4 5,10,15,20-tetrakis(2,4,6-trimethylphenyl)porphyrinato cobalt(II) 6.0 
5 5,10,15,20-tetraphenylporphyrinato cadmium(II) 5.0 
6 5,10,15,20-tetraphenylporphyrinato chromium(III) Cl 6.0 
7 Bromophenol Blue + 50μL TBAH* 4.0 
8 Methyl Red + 50μL TBAH* 4.0 
9 Chlorophenol Red + 50μL TBAH* 4.0 
10 Nitrazine Yellow + 50μL TBAH* 4.0 
11 HgCl2 + Bromophenol Blue + 50μL TBAH* 5.0/4.0 
12 HgCl2 + Bromocresol Green + 50μL TBAH* 5.0/4.0 
13 Fluorescein 2.0 
14 Bromocresol Green 4.0 
15 Methyl Red  4.0 
16 Bromocresol Purple 4.0 
17 Bromophenol Red 4.0 
18 Bromopyrogallol Red 2.0 
19 4-amino-4-phenylbut-3-en-2-one + 50μL TsOH† 50 
20 H2(P-COOHP)2(CF3)2 4.0 




23 4-(4-Nitrobenzyl)pyridine + N-Benzylaniline 60/20 
24 Naphthyl Red + 8.0μL TsOH† 10 
25 Disperse Red 4.0 
26 Reichart’s Dye 5.0 
27 Reichart’s Dye #3 5.0 
28 Nile Red 0.5 
29 Disperse Orange  #25 2.0 
30 Acridine Orange Base 2.0 
31 Crystal Violet 2.0 
32 Zn(OAc)2 + m-Cresol Purple + 50μL TBAH* 20/4.0 
33 Pb(OAc)2 15 
34 LiNO3 + Cresol Red 15/4.0 
35 AgNO3 + Bromophenol Blue 5.0/2.0 
36 AgNO3 + Bromocresol Green 5.0/2.0 
*TBAH:  1.0 M tetrabutylammonium hydroxide in 2-methoxyethanol 
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porous ormosil xerogels are ~1 mm in diameter and ~4 μm thick and have ~50-200 nm 
pores. 
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Chapter 3: Determination and Identification of Toxic Industrial Chemicals 
3.1. Introduction 
There is an obvious pressing need for rapid, sensitive and highly portable 
identification of toxic gases and vapors, not only from a security perspective, but also for 
use in the industrial chemical workplace and for more general epidemiological studies.1 
Almost by definition, toxic industrial chemicals (TICs) are chemically reactive. Their 
toxicities, however, derive from a very wide range of specific chemical reactivities that 
can affect vastly different systems within living organisms. Some acute toxins target 
specific, critical metabolic enzymes (e.g., HCN inhibits cytochrome c oxidase), others 
cause cell lysis in the lungs creating pulmonary edema (e.g., HCl, HF). Others are potent 
oxidants or reductants that can target multiple biosystems, and some are potent alkylating 
agents (e.g., phosgene). 
Current electronic nose technology2-14 generally relies on sensors whose responses 
originate from weak and highly non-specific chemical interactions that either induce 
changes in physical properties (e.g., mass, volume, conductivity) or follow after 
physisorption on surfaces (e.g., analyte oxidation on heated metal oxides). Specific 
examples of such sensors include conductive polymers and polymer composites, multiple 
polymers doped with fluorescent dyes, polymer coated surface acoustic wave (SAW) 
devices, and metal oxide sensors. On the basis of these types of sensors, array-based 
sensing technology has proven to be a potentially powerful approach toward the detection 
of chemically diverse analytes.  
Despite their successes, current technologies have a limited ability to detect 
compounds at low concentrations relative to analyte saturation vapor pressure and are 
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often unable to discriminate among similar compounds within a chemical class. In 
addition, interference from large environmental changes in humidity or temperature 
remains highly problematic. Most of these technologies rely on weak and non-specific 
chemical interactions, primarily van der Waals and physical adsorption interactions, 
which prohibits the development of chemical sensors with both high sensitivity and high 
selectivity. Furthermore, it is exceptionally difficult to increase the sensitivity of sensors 
while keeping them environmentally robust because an increase in sensitivity inherently 
leads to an increased probability of sensor poisoning during use.15,16 
Detection of and discrimination among a wide range of high priority toxic industrial 
chemicals remains a particularly important but difficult challenge.17 Electronic nose 
technology has, of course, been applied to this task. For example, Hammond et al. 
recently reported on TICs identification using an array of ceramic metallic films able to 
differentiate ten TICs with an error rate of ~10% using linear discriminant analysis.18 
Using metal-oxide detectors combined with temperature programming, Meier et al. 
examined five TICs and were able to reduce their error rate (both false negatives and 
positives) to 3%.19  Given the range of TICs with which one must be concerned and the 
importance of very low error rates, it is clear that the inexpensive, reliable and portable 
detection of toxic vapors remains an unsolved problem. 
As introduced in Chapter 2, the Suslick group has approached the detection and 
identification of TICs by presenting a wide range of chemical substrates whose reactions 
with analytes provide an easily observable response, specifically color changes quantified 
by digital imaging. These colorimetric sensor arrays (Figure 3.1) are a type of 
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The new colorimetric sensor array methodology discussed in Chapter 2 is based on 
nanoporous pigments where the color-changing indicator is immobilized in organically 
modified siloxanes (ormosils).20,21 Porous pigments offer substantial advantages over 
soluble dyes for improved durability and stability of the array, as well as prevention of 
colorant leaching in aqueous media.22,23 Here, these new porous pigment arrays on are 
applied to the colorimetric identification of TICs in the gas phase at various 
concentrations, including their immediately dangerous to life and health (IDLH) 
concentration and permissible exposure limit (PEL) for an eight hour work day. 
3.2. Experimental 
3.2.1. Reagents 
All reagents used were analytical-reagent grade and obtained from Sigma-Aldrich and 
used without further purification unless otherwise specified. Certified, premixed gas 
tanks of diluted ammonia, methylamine, dimethylamine, trimethylamine, hydrochloric 
acid, sulfur dioxide fluorine, chlorine, phosphine, arsine, phosgene, hydrogen sulfide, 
hydrogen cyanide, and diborane were obtained from Matheson Tri-Gas Corp. through S. 
J. Smith, Co. (Urbana, IL). The tanks typically contained four times their IDLH 
concentration in a balance of N2. Polyvinylidene Fluoride (PVDF) ([CH2CF2]n) 
membrane (thickness: 165 µm; pore size: 0.45 µm) was obtained from VWR Scientific 
(Batavia, IL). Nonporous polyethylene terephthalate (PET) ([C10H8O4]n) film (thickness: 
100 µm) was obtained from McMaster-Carr (Elmhurst, IL). 
3.2.2. Gas Delivery 
The analyte line was produced by mixing the selected TIC with dry nitrogen and wet 
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hydrofluoric acid at their IDLH concentrations were confirmed using Dräger detector 
tubes (Dräger Safety AG & Co. KGaA., Germany).   
3.2.4. Relative Humidity Testing 
Relative humidity was controlled by mixing dry nitrogen with humidity-saturated 
nitrogen (100% relative humidity, generated by bubbling nitrogen through water).  After 
exposing the array to 50% RH nitrogen for two minutes as a control, arrays were then 
exposed to nitrogen containing various humidity concentrations ranging from 10% to 
90% RH for two minutes. 
3.2.5. Concentration Cycling 
The colorimetric sensor array was first exposed to 50% RH nitrogen for 5 minutes, 
then the gas stream was switched between IDLH and PEL concentrations every 10 
minutes and data was acquired every minute. 
3.2.6. Temperature Analysis 
To achieve temperature control of the array cartridge and incoming gas stream, a one 
liter glass beaker containing heated or cooled liquid was placed on top of the array; a 
mixture of dry ice and 2-propanol was used for cooling, and hot tap water was used for 
heating. The temperature of the gas inside the cartridge was monitored by the outgoing 
gas stream using an Omega© HH11 thermocouple and was held at the desired 
temperature with a variance no greater than 0.5 °C throughout the experiment. All 
temperature experiments were performed at 50% relative humidity. It should be noted 
that the 50% relative humidity was calibrated according to the temperature-humidity 
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3.3. Detection of TICs with an Array on PVDF Membrane 
A colorimetric sensor array using the porous pigment materials discussed in Chapter 
2 as sensor elements on PVDF (Chapter 2.2) was tested against three concentrations of 
three different toxic gases: ammonia, sulfur dioxide and chlorine. These analytes could be 
immediately identified in less than a minute (i.e., more than 90% of total response occurs 
in less than 1 min).  A database was assembled from quintuplicate runs of the analytes at 
IDLH, PEL, and below PEL concentrations after 2 minutes of exposure to ensure full 
exposure. The color difference maps are unique to each gas at each concentration, and 
highly reproducible patterns were obtained for all of the gas concentrations examined in 
this study (Figure 3.7).  From the signal-to-noise (S/N) ratio of the total Euclidean 
distances of the 108-dimensional vectors that were observed at the lowest tested 
concentrations (which are themselves well below the PEL), it can be estimated that the 
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array response data in the 108 dimensional ΔRGB color space (i.e., 36 unique porous 
pigments in the array array) and the results are shown in Figure 3.8. All of the analytes 
were accurately identified against one another and against each concentration with no 
errors or misclassifications out of 50 cases. It is the high dimensionality inherent to the 
colorimetric sensor array that permits allows for facile discrimination among these 
analytes at different concentrations. 
 
Figure 3.8. Hierarchical cluster analysis for three toxic gases at three different 
concentrations and one control. All experiments were run in quintuplicate; no confusions 
or errors in classification were observed in 50 trials, as shown. After the analyte name, 
the trial number is given. 
 
























































3.4 Detection of TICs with an Array on PET Film 
A series of 20 different toxic industrial chemicals (TICs) classified as “High Hazard 
TICs” according to the NATO International Task Force 25 and 4028,29 (Table 3.1) were 
tested at various concentrations against the colorimetric sensor array developed on PET 
film (Chapter 2.3).  
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some pigments (e.g., bleaching), response time can be slightly longer, as demonstrated 
for chlorine (Figure 3.10), but even in these cases the color change pattern is distinctive 
and easily recognized. 
 
Figure 3.10. Total Euclidean distance versus response for 5 TICs at their IDLH 
concentrations; average of seven trials is shown. The Euclidean distance is the total 
length of the 108-dimensional color difference vector, i.e., the total array response. 
 
In order to evaluate the reproducibility of the array response to each analyte, 
septuplicate trials were performed for each analyte and HCA was performed on the 
complete 108-dimensional data set. All 20 TICs and a control were accurately identified 
































Figure 3.11. Hierarchical cluster analysis for 20 TICs at IDLH concentrations and a 
control. All experiments were performed in septuplicate; no confusions or errors in 
classification were observed in 147 trials, as shown. 
 
3.4.2. Detection and Identification of TICs at PEL 
Although some of these TICs may not be dangerous at low doses and short 
exposures, even at their PEL concentrations certain TICs may still cause serious 
health effects after multiple low-level exposures. Unfortunatley, chemists have no 
equivalent of the physicists’ radiation badge: there is no readily available general 






































may receive to the diverse range of volatile TICs used in laboratories, manufacturing 
facilities, or general storage areas.30-34 There are, of course, numerous conventional 
methods for the detection of gas phase hazardous chemicals, including gas 
chormatography-mass spectrometry (GC/MS),35 ion-mobility spectrometry (IMS),36 
electronic nose technologies, and colorimetric detectors tailored to specific single 
analytes. Most such detection technologies, however, suffer from severe limitations: 
GC/MS is expensive and non-portable; IMS has limited chemical specificity; 
electronic nose technologies have restricted selectivity, sensitivity, and resistance to 
environmental interference (e.g., humidity); and single analyte detectors are too 
specific for multiple possible exposures. 
 As an approach to monitoring low levels of exposure to multiple possible 
toxicants, the colorimetric sensor array was tested against 20 TICs at their PEL 
concentrations at 50% relative humidity (Figure 3.12). Although two minutes of 
exposure is sufficient to obtain a reliable response from most of the TICs at their PEL 
concentrations, the arrays were exposed to the gas mixture for five minutes in order to 
get a more measurable response.  Even at these low concentrations, the patterns are 
visually different for TICs.  As shown in Figure 3.13, the HCA indicates that all 20 
TICs and a control were accurately identified against one another with no errors or 
misclassifications out of 147 cases. Even weakly responding gases (see inset of 
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Figure 3.13. Hierarchical cluster analysis for 20 TICs at PEL concentrations and a 
control. All experiments were performed in septuplicate; no confusions or errors in 
classification were observed in 147 trials, as shown.  
 
3.4.3. Discrimination of TICs at Varying Concentrations 
For most analytes, the response of these colorimetric sensor arrays is based primarily 
on equilibrium interactions between the array pigments and the analytes. As a result, two 
different concentrations of the same analyte can be treated as two separate analytes where 
each concentration of a TIC has a separate pattern which can be used to establish a limit 
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Figure 3.15. (a) Hierarchical cluster analysis for 8 TICs at IDLH and PEL concentrations 
after 5 minutes exposure, and a control. (b) Expanded view of more closely clustered 
analytes. All experiments were performed in septuplicate; No confusions or errors in 

































3.4.4. Limits of Detection and Recognition 
The limit of detection can be estimated for each TIC by extrapolating from the 
observed array response at their respective PELs. The LOD for array response is defined 
as the TIC concentration needed to give three times the S/N vs. background for the sum 
of the three largest responses among the 108 array color changes.  The calculated LOD of 
the array for each of the 20 TICs is listed in Table 3.2.  The limits of detection for all the 
TICs tested are in the low ppb range. 
Table 3.2. List of TICs and their IDLH and PEL concentrations compared to the 
extrapolated limit of detection (LOD) based on the three largest response channels for 









Ammonia 300 50 0.08
Arsine 3 0.05 0.01
Chlorine 10 1 0.01
Diborane 15 0.1 0.01
Dimethylamine 500 10 0.01
Fluorine 25 0.1 0.01
Formaldehyde 20 0.75 0.12
Hydrogen Chloride 50 5 0.02
Hydrogen Cyanide 50 10 0.02
Hydrogen Fluoride 30 3 0.02
Hydrogen Sulfide 100 20 0.08
Hydrazine 50 1 0.01
Methylamine 100 10 0.01
Methyl Hydrazine 20 0.2 0.01
Nitric acid 25 2 0.02
Nitrogen Dioxide 20 5 0.03
Phosgene 2 0.1 0.01
Phosphine 50 0.3 0.01
Sulfur Dioxide 100 5 0.06
Trimethylamine 200 10 0.03
64 
A limit of detection, however, only indicates the concentration at which the sensor 
first detects some analyte but does not necessarily indicate the capability for 
discrimination among analytes. The limit of recognition (LOR) is a less well defined 
concept that depends upon the group of analytes among which one wishes to 
discriminate. In order to generate a rough estimate of the LOR, a subset of five TICs at 
concentrations far below their PELs was examined. Classification of these five TICs at 
5% of the PEL was without misclassification in 30 quintuplicate trials (Figure 3.16).  
 
Figure 3.16. Low concentration tests of five TICs at ~5% of their PELs after 10 min 
exposure. All experiments were performed in quintuplicate; no confusions or errors in 
























3.4.5. Cycling Experiments 
The arrays are meant to be disposable, but not necessarily single use, and they can be 
used to monitor concentration, just as with a “chemical fuse”. As long as the 
concentration of the odorant fluctuates within a given range, the colorimetric sensor array 
(chemical fuse) is unaffected. After exposure to very high concentrations, the array is 
“blown” and should be replaced. The colorimetric sensor array can be cycled 
reproducibly between the IDLH and PEL concentrations for SO2 (Figure 3.17a). 
Equilibrium response is achieved within two minutes of switching between 
concentrations. The reversibility of the array depends on the type of chemical reaction 
between the indicators and analytes. For highly aggressive analytes that react irreversibly, 
(e.g., analytes capable of bleaching or undergoing redox reactions), the array cannot be 
recycled, as demonstrated for chlorine (Figure 3.17b). 
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Figure 3.17. Reversibility of colorimetric array response. a) SO2 exposure of the array 
from N2 to the IDLH (100 ppm) level, and then cycled from the IDLH to PEL (5 ppm). 
b) Cl2 exposure of the array from N2 to the IDLH (10 ppm) level, and then cycled from 
the IDLH to PEL (1 ppm). Data acquired every min.; average of three trials is shown. 
The Euclidean distance is the total length of the 108- dimensional color difference vector, 
i.e., the total array response. 
 
3.4.6. Changes in Relative Humidity 
The interference of atmospheric humidity on sensor performance is a serious problem 
with most array-based sensing technologies. The high concentration of water vapor in the 
environment and, more importantly, its large range presents a challenge for the accurate 
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Figure 3.22. Hierarchical cluster analysis for SO2 and NH3 at IDLH concentration and at 
4, 10, 20, 30, 40 or 50oC. 
 
3.4.8. Detection in the Presence of Interferents  
In real world use, one must also be concerned about interference, in terms of both 
false positives from a harmless vapor or false negatives from masking of a TIC by some 
harmless vapor. The distinctive property of nearly all TICs is their high chemical 
reactivity: a harmless vapor, essentially by definition, does not have high chemical 
reactivity. Because the response of the colorimetric sensor array is based on chemical 
reactivity, potential interferents are generally not problematic. The colorimetric sensor 
array has been tested extensively against nine common interferents: second hand smoke, 
diesel fuel exhaust, gasoline exhaust, toluene, WD-40, Klean-Strip stripper, Windex, 
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been previously demonstrated that colorimetric sensor arrays show good 
reproducibity within the same batch, as each of the septuplicate trials are almost 
identical for their respective analyte. Just as important, however, is the reproducibility 
of the array from batch to batch. Therefore, a series of experiments were conducted to 
specifically test the array’s response from two different batches printed on different 
days. Ammonia, sulfur dioxide, hydrogen sulfide, formaldehyde, phosgene, diborane, 
phosphine and chlorine were selected as an example of each class of analyte. HCA of 
the eight analytes and a control with septuplicate trials of each batch for each analyte 
shows zero misclassifications (Figure 3.25). 
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Figure 3.24. Shelf-life tests (1 week, 2 weeks, 4 weeks, 6 weeks, and 3 months aging) 
of four TICs at IDLH concentration after 2 min. exposure. All experiments were 
performed in triplicate with no confusions or errors in classification observed in 60 




































































Figure 3.25. HCA dendrogram showing septuplicate trials of each two independent 
batches for the eight representative TICs and a control. 
 
3.5. Statistical Analysis 
3.5.1. Principal Component Analysis 
Principal component analysis (PCA)17-19,24-27 was used to evaluate the ability of the 
colorimetric sensor array to discriminate one analyte from another by using the variance 
in the array response. The eigenvector of each principal component is defined by a linear 















combination of the response of each sensor parameter (i.e., 108 changes in RGB for a 6 x 
6 array) so as to maximize the amount of variance in as few dimensions as possible. PCA 
is widely used in many scientific applications for reducing the dimensionality of a data 
set that consists of a large number of interrelated measurements, while retaining most or 
all of the variation present in the data set.  Generally, PCA for most prior electronic nose 
technology is dominated by only two or three independent dimensions; in fact, there is 
often a single dominant dimension that accounts for >90% of the total discrimination and 
roughly corresponds to sensor hydrophobicity, which relies primarily on van der Waals 
interactions (e.g., adsorption to metal oxide surfaces or sorption onto or into polymer 
films) for molecular recognition. The colorimetric sensor array, in contrast, is not limited 
to only van der Waals interactions but employs a variety of intermolecular interactions 
between the nanoporous pigments and the analytes. The numerous and diverse 
interactions explore a broad area of chemical-properties space. Based on 147 trials at 
IDLH concentration, the PCA of the colorimetric sensor array required 11 dimensions for 
90% of the discriminatory power and 17 dimensions for 95% (Figure 3.26a). For the 147 
trials at PEL concentrations, PCA shows that the colorimetric sensor array requires 17 
dimensions for 90% of total variance and 26 dimensions for 95%. This extremely high 
dispersion reflects the very wide range of chemical-properties space being probed by the 
chemoresponsive pigments. By probing a much wider range of chemical interactions, the 
dispersion of the sensor array has been dramatically increased. It is this increased 
dimensionality that permits the array to discriminate among very closely related analytes, 




Figure 3.26. (a) PCA Scree plot of the principal components from PCA of 147 trials 
using 20 TICs at their IDLH and a control shows that 11 dimensions are required to 
define 90% of the total variance, 17 dimensions for 95%. (b) PCA Scree plot of the 
principal components from PCA of 147 trials at PEL concentrations shows that the 
colorimetric sensor array requires 17 dimensions for 90% of total variance and 26 
dimensions for 95%. 
 
3.5.2. Linear Discriminant Analysis 
To further evaluate the ability of the colorimetric sensor array in discriminating 
among different TICs, linear discriminant analysis (LDA)17-19,24-27 was used on the 
108 color changes of the 147 trials. LDA is one of the prevailing methods for 














































































complicated classifiers in many high dimensional applications. For the 108 
measurements for each analyte, the total variation of the measurements can be 
decomposed into two parts: the between-group variation and the within-group 
variation. LDA finds linear combinations of the measurements that maximize the 
between group variation relative to the within-group variation. More specifically, 
LDA finds low dimensional projections of the original data that can best separate the 
analytes. The high dimensionality of the array can be seen in the number of 
eigenvectors needed for adequate variance as well as the large number of LDA 
directions (>10) needed to minimize the misclassificaiton rate (Figure 3.27). 
 
 
Figure 3.27. Misclassification rate as a function of LDA directions used: 10 
directions to acheive <1% misclassification. 
 
3.6. Conclusions 
A simple, disposable colorimetric sensor array of nanoporous pigments has been 
designed for the fast, sensitive detection of a wide range of toxic gases. The array, 
consisting of chemically responsive indicators immobilized within nanoporous sol-gel 
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detection limits observed, generally below the permissible exposure limits. Classification 
analysis reveals that the colorimetric sensor array has an extremely high dimensionality 
and, consequently, the ability to discriminate among large numbers of TICs over a wide 
range of concentrations. The array performs well in the presence of different interferents 
and has shown excellent stability, even over three months, with good reproducibility. 
Future work emphasizes the development of a lightweight array reader based on a color-
contact imaging sensor with an aim to produce a wearable personal monitor for multiple 
toxic gases. 
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Chapter 4: Metal Ion Binding Motifs in Vertebrate Olfactory Receptors 
4.1. Introduction 
The sense of smell is arguably our most primal faculty and also the least 
understood. The human olfactory system includes ~900 olfactory genes (~3% of the 
genome), of which ~400 are functional, and is capable of detecting ~10,000 unique 
smells.1,2 The olfactory receptor (OR) proteins responsible for such chemical sensing 
are seven-transmembrane helix G protein-coupled receptors (GPCRs) in the rhodopsin 
family. These proteins have an odorant binding site on the periplasmic domain and a 
G protein activation site on the cytoplasmic domain. An odorant interacting with the 
OR causes the protein to undergo a conformational change which triggers G protein 
activation, beginning the signaling process that enables us to smell. 
Recent crystallographic studies of GPCRs have added to our understanding of 
these proteins, most notably the binding of the Gα subunit of transducin to activated 
rhodopsin.  We still do not have a crystallographic structure of any OR, however, and 
the role and location of GPCR/agonist binding interactions may not all be similar. 
Previously, the Suslick group has established a hypothesis in which metal ions play an 
important role for odorant recognition. The work described in this chapter will focus 
on furthering the hypothesis that mammalian olfactory receptors contain metal ion 
binding sites, and ligation to these metals is a crucial step in olfactory signaling.  
4.1.1. The Human Olfaction Mechanism  
The detection of chemically distinct odorants results from the association of 
odorous ligands with specific receptors on olfactory neurons, which reside in a 
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4.1.2. Structure and Function of G Protein-Coupled Receptors 
ORs belong to the superfamily of GPCRs which are predicted to be seven-helix 
membrane proteins and which include bovine rhodopsin, bacteriorhodopsin, 
halorhodopsin, and sensory rhodopsin. Among those, bacteriorhodopsin is the best 
understood, and its structure has been available since 1990.4 Its intermediates during 
the activation-relaxation process have been well characterized. High resolution 
structures of bacteriorhodopsin,5 bovine rhodopsin,6 halorhodopsin7 and sensory 
rhodopsin8 are also now available. Bacteriorhodopsin is composed of a seven-helix 
bundle protein scaffold covalently linked to all-trans retinal through Lys-216. 
Absorption of a photon by retinal causes its isomerization to the 13-cis configuration, 
inducing a torsion strain in the chromophore as well as disrupting the Schiff 
base/Asp-85 ion pair. This isomerization increase the local energy and moves two 
helices relative to the other five, opening a pathway for proton transfer. 
Until recently, however, rhodopsin was the only GPCR whose structure had been 
resolved by NMR or X-ray crystallography. Advancements in protein crystallization 
have led to new GPCR structures being made available,9-11 most notably the structure 
of activated rhodopsin and its binding of the Gα subunit of transducin.12  This is a 
significant step in understanding the mechanics of sensory transduction; however, 
since rhodopsin is a special case where its agonist is bound, binding sites of other 
GPCRs are likely different.13 While there now exist structures of GPCRs that bind 
mobile agonists, there have not been crystallographic structures for any OR, and the 
extracellular loops in the most recent GPCR structures remain largely unresolved, 
leaving questions about their roles in agonist binding. 
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4.1.3. Trends in Human Olfaction 
Inorganic chemists know as a rule of thumb that if a volatile compound is a good 
metal ligand, it probably smells strongly (the only notable exceptions to this rule are 
CO and NO, which are produced endogenously as neural messengers14). Metal-ligand 
bonds range in bond enthalpies from 40 to 200 kJ/mol. In contrast, the enthalpy for 
van der Waals and dipolar interactions are only 5-20 kJ/mol for small molecules; 
therefore, the equilibrium constant for adsorption will typically only be about 5x10-5 
as large as that for ligation to metal ions. In general, the human olfactory system is 
extremely sensitive to amines and thiols (good ligands for metal ions) but not to 
alcohols (which are only weak ligands),15 (Figure 4.3). For example, human limits of 
detection are below 1 ppb for methanthiol and 18 ppb for methylamine, but above 100 
ppm for methanol, and we are unable to detect methane. Odorants need to bind to an 
OR to trigger the cascade of events that finally enable us to smell: methylthiol is 
bound by some OR >1 million times stronger than the OR that responds to methanol, 
and methylamine is bound >100,000 times stronger than methanol. This broad range 
in sensitivity cannot be explained by simple differences in van der Waals forces, 
hydrogen bonding or steric interactions. 
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Figure 4.3. Trends in human olfactory thresholds. 
 
The Lewis basicity of odorants, however, is consistent with our general olfactory 
sensitivities; thus, the most natural explanation to account for this unusual odorant 
affinity is coordination to a metal ion bound by an OR. Cu(I), Cu(II), or Zn(II) are 
particularly likely candidates because they have strong amine and thiol binding 
properties and are frequently found in metalloproteins. More than two decades ago, 
Crabtree prophetically speculated that Cu(I) might be found in ORs, because of the 
high olfactory sensitivity to amine and thiols.16 Consistent with the metalloprotein 
hypothesis, ORs also show unusual differences in their shape selectivity for alcohols 
compared with thiols. Substitution at the α-carbon of alcohols increases the olfactory 
threshold for alcohols; i.e., greater steric bulk gives weaker binding, as expected from 


















olfactory threshold for thiols (Figure 4.3). This observation can be explained by OR 
binding sites that contain a coordinately accessible metal ion. α-substitution increases 
the Lewis basicity of the thiol (this its strength of binding to metal ions) as long as the 
increased steric hindrance is not too great. In keeping with this trend, the human nose 
is often more sensitive to secondary amines than primary amines. Comparisons 
among amines, however, are complicated by issues of protonation in the olfaction 
mucosa. 
4.1.4. Metal Ion Binding in Olfactory Receptors 
Previous work in the Suslick Group focused on determining if metal-ion binding 
sites existed in ORs, and if so, what role they played in the structural changes that 
lead to olfactory signaling.17  In general, zinc and copper metalloproteins have 
clusters of the metal-coordinating amino acids His, Cys, Glu, or Asp. Searching 
available olfactory receptor sequences for clusters of known metal chelating residues, 
it was found that the consensus sequence HXXC[D,E] was prominent in the 
extracellular loop between helicies 4 and 5 (EC2) (Figure 4.4).  X can be any residue, 
though in most cases it was a hydrophobic residue (most commonly phenylalanine). It 
was found that 58 of 83 (70%) human OR sequences extracted from the SWISS-
PROT database contained the proposed motif. Similarly, 257 of 347 (i.e., 74%) 
putative human ORs identified by Zuzulya and coworkers18 were found to contain the 
HXXC[DE] consensus sequence. Around that time, Firestein and coworkers had also 
identified ~1300 putative mouse olfactory receptors,3 and more than 70% of those 
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Based on these results, a “shuttlecock” mechanism was proposed for the possible 
structural change in ORs upon odorant binding (Figure 4.7).  Initially, the OR is a 
seven-helix bundle in the conformation predicted by HMM. Upon metal binding, 
however, the anionic charge of EC2 is neutralized, permitting the loop to become 
helical and penetrate into the membrane, pushing the fourth helix out. It was 
speculated that this configuration is the active form of metal ion-containing ORs.  
When an odorant capable of metal ion ligation (e.g., amines, thiols, carboxylic acids, 
etc.) approaches the active form of the OR, it replaces one of the coordinated amino 
acids or a bound water or hydroxide, disrupts the local charge and steric balance, and 
causes the original 4-5 loop to return to its charged state and eject from the 
membrane, permitting the original fourth helix to return into the membrane. This 
would cause large structural changes in the cytoplasmic domain and activate the G 
protein. When the odorant leaves the OR, the 4-5 loop again turns into a hydrophobic 
helix and pushes the fourth helix out of the membrane, returning the OR back to its 
active state. A possible precedent for this type of conformational change exists; Hunt 
and coworkers have discovered that a 36-residue peptide can insert into lipid bilayers 
as a TM helix after one of its Asp residues is neutralized by lowering the pH.22 This is 
similar to the hypothesis that the OR 4-5 loop may turn into TM helix after its charge 


































































































reliable information. Similarly, the groundbreaking work of Buck and Axel on 
olfactory receptors has caused a substantial effort to determining OR repertoires in 
various organisms.1  Of particular interest are studies discussing OR evolutionary 
dynamics across various vertebrates in an effort to elucidate orthologs (i.e., similar 
sequences) between species.23-28 With a wealth of knowledge available, the 
occurrence of the HXXC[D,E] motif can be explored in more detail.  Now, the OR 
genes from 14 mammals and 10 other vertebrates have been examined for the 
HXXC[D,E] motif. 
4.3.1 The HXXC[D,E] Motif in Mammals 
Table 4.1 lists the various mammalian OR collections examined and the incidence 
of the HXXC[D,E] motif for each species. Of the mammalian ORs studied, a 
substantial fraction (77 to 62%, depending on species) contain the proposed metal ion 
binding motif. Importantly, all matches to the motif search were confirmed to be in 
the EC2 region of the ORs using the transmembrane helix prediction software, 











Table 4.1. HXXC[D,E] by class in mammalian olfactory receptors. 
Organism Functional ORs HXXC[D,E] % HXXC[D,E] 
Rat 1207a 927 77 
Mouse 1035a 784 76 
Dog 811a 609 75 
Cow 970a 714 74 
Tree Shrew 563b 409 73 
Mouse Lemur 361b 254 70 
Opossum 1188a 828 70 
Macaque 309a 212 69 
Marmoset 366b 252 69 
Bush Baby 356b 241 68 
Human 396b 266 67 
Chimpanzee  380c 252 66 
Orangutan 296b 189 64 
Platypus 265a 165 62 
a Full sequences from ref. 24. b ref. 23. c ref. 25. 
 
 The presence of the metal ion binding motif is unique to the ORs and is not 
present in other GPCR sequences. If one examines the databases of human non-OR 
GPCRs29,30 for the HXXC[D,E] motif, less than 3% (11 out of 404) contain the metal 
binding motif anywhere in the protein, and only one was discovered to have the motif 
located in the EC2 region of the GPCR (Table 4.2). More explicitly, only 2% (6 out of 
286) of the non-ORs in the rhodopsin family contain the metal binding motif. The 
substantial presence of the metal ion binding motif in ORs and its absence in other 




Table 4.2. HXXC[D,E] by class in non-OR human GPCRs. 
GPCR Family Functional GPCRs HXXC[D,E] % HXXC[D,E] 
Rhodopsin 286 6 2 
Adhesion 33 3 9 
Secretin 16 2 13 
All Others 69 0 0 
Total 404 11 3 
a Full sequences from ref. 29. 
 
4.3.2 The HXXC[D,E] Motif in Non-Mammalian Vertebrates 
A comparison of the ORs of mammalian vertebrates to non-mammalian 
vertebrates is appropriate because their olfactory systems may have evolved 
differently in response to their environment. Comparing amphibian, reptile, fish, and 
bird OR sequences to those of mammals, a stark contrast is noticeable among these 
vertebrates (Table 4.3). The examined amphibian and reptile species retain a high 
occurrence of the HXXC[D,E] motif within their OR repertoires; however, the bird 
and fish species substantially lack this motif. 
Table 4.3. HXXC[D,E] by class in non-mammalian vertebrate olfactory receptors. 
Organism Functional ORs HXXC[D,E] % HXXC[D,E] 
Western Clawed Frog 824a 571 69 
Green Anole (lizard) 112b 68 61 
Chicken 211a 45 21 
Zebra Finch 134b 6 4 
Fugu fish 47a 1 2 
Medaka fish 68a 3 4 
Spotted Green Pufferfish 11a 1 9 
Stickleback fish 102a 7 7 
Zebrafish 154a 13 8 
Sea Lamprey 32a 0 0 
a Full sequences from ref. 26. b ref. 27. 
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Upon further investigation, the chicken and zebra finch ORs contain a highly 
conserved analogous motif in the EC2 region: QXXC[D,E] (i.e., glutamine replaces 
histidine). This alternative sequence is also very likely a metal ion binding site; for 
example, glutamine can replace histidine without eliminating Zn(II) coordination, 
maintaining the active site in human carbonic anhydrase II.31 The chicken and zebra 
finch contain the glutamine motif (QXXC[D,E]) in 76% and 91% of their ORs, 
respectively. Thus, >95% of the avian ORs studied have one of the two proposed 
metal ion binding motifs. Additionally, the green anole contains the glutamine motif 
in 24% of ORs, whereas mammals show very little of this motif (with the exception 
of the platypus) (Table 4.4). While it has generally been assumed that birds lack a 
well-developed sense of smell, this appears not to be the case, based on recent 
genome analysis of avian OR receptors.32 The prevalence of this alternative metal ion 
binding motif in birds and reptiles suggests a common evolutionary ancestry for the 
ORs of vertebrates and the possibility of even more generalized metal ion binding 
motifs. 
It is noteworthy that the fish and lamprey species, which do not have much 
exposure to volatile odorants (although they still have chemical sensing abilities for 
dissolved analytes33), lack diversity in the number of ORs present in their genome. 
Even more tellingly, they have an exceptionally low fraction of metal ion binding 
motif sequences among their ORs. The EC2 region in fish ORs do not contain any 
alternative conserved sequence. The metal ion binding site in ORs may therefore be 
most important for the sensing of volatile odorants. 
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Table 4.4. Occurrence of the metal binding motifs [H,Q]XXC[D,E] in vertebrate 
olfactory receptors. 
Organism Functional ORs QXXC[D,E] % QXXC[D,E] % Both
Rat 1207a 39 3 80 
Mouse 1035a 29 3 79 
Dog 811a 11 1 76 
Cow 970a 22 2 76 
Tree Shrew 563b 14 2 75 
Mouse Lemur 361b 7 2 72 
Opossum 1188a 74 6 76 
Macaque 309a 8 3 71 
Marmoset 366b 5 1 70 
Bush Baby 356b 8 2 70 
Human 396b 10 3 70 
Chimpanzee  380c 11 3 69 
Orangutan 296b 13 4 68 
Platypus 265a 50 19 81 
Western Clawed Frog 824d 31 4 73 
Green Anole (lizard) 112e 27 24 85 
Chicken 211d 160 76 97 
Zebra Finch 134e 122 91 96 
Fugu fish 47d 2 4 6 
Medaka fish 68d 3 4 9 
Spotted Green 
Pufferfish 
11d 2 18 27 
Stickleback fish 102d 1 1 8 
Zebrafish 154d 6 4 12 
Sea Lamprey 32d 0 0 0 





4.4 Evolutionary Dynamics 
While exploring the genomes of different organisms for the metal ion binding 
motifs is useful, there is additional information to be learned from comparing the 
genomes across a variety of species.  To do this, a non-redundant set of sequences 
was compiled from the OR repertoires of the 24 different vertebrate species discussed 
above.  A total of 925 representative receptor sequences were chosen from the 
10,000+ functional ORs by comparing sequence similarity.  The reduced set, on 
average, contains fewer of the HXXC[D,E] or QXXC[D,E] motif (~58%), but this is 
still large enough to indicate significant evolutionary events. 
A maximum-likelihood phylogenetic tree was constructed using RAxML34 which 
uses evolutionary dynamics in its sequence similarity calculations (Figure 4.8). 
Essentially, the software compares sequences against the probability that one 
sequence could have evolved from another based on models of DNA substitution 
(e.g., the likelihood for a histidine to evolve into a glutamine versus an arginine). The 
tree breaks into series of different clades that represent different classes of ORs.  The 
clades of the tree are labeled according to evolutionary relationships established in 
previous studies.26 ORs are typically classified into two distinct classes: Class I which 
consists of fish ORs as well as a few mammalian, bird and reptile ORs, and Class II 
ORs (γ), which only contain mammalian ORs.35 Within Class I ORs, there are two 
distinct clades, fish-only (α) and small mixed clade containing ORs from nearly all 
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Another interesting feature is that all of the β-type ORs in fish and mammals contain 
the metal ion binding motif, with the only exception being the western clawed frog. 
This specific clade of Class I ORs has been suggested to detect both water-soluble 
and airborne odorants, due to their presence in both aquatic and terrestrial 
vertebrates,26 and the high occurrence of the metal ion binding motif is a significant 
support for that hypothesis.  The additional fish-only clades (δ-η) did not show any 
significant occurrence of metal-ion binding motifs. 












Rat 1207a 134 71 (53%) 1073 857 (80%) 
Mouse 1035a 113 53 (47%) 922 731 (79%) 
Dog 811a 160 77 (48%) 651 532 (82%) 
Cow 970a 142 72 (49%) 828 642 (78%) 
Opossum 1188a 221 100 (45%) 967 728 (75%) 
Macaque 309a 36 18 (50%) 273 194 (71%) 
Human 396b 58 24 (41%) 329 235 (71%) 
Platypus 265a 31 16 (52%) 234 149 (64%) 
Western Clawed Frog 824c 22 8 (36%) 752 563 (75%) 
Green Anole (lizard) 112d 1 0 (0%) 111 68 (61%) 
Chicken 211c 9 6 (67%) 202 39 (19%) 
Fugu fish 47c 1 1 (100%) 0 - 
Medaka fish 68c 3 3 (100%) 0 - 
Spotted Green Pufferfish 11c 0 - 0 - 
Stickleback fish 102c 1 1 (100%) 0 - 
Zebrafish 154c 4 4 (100%) 1 1 (100%) 




To further the hypothesis that mammalian olfactory receptors contain metal ion 
binding sites, the presence of the metal ion binding motifs HXXC[D,E] in mammals 
and QXXC[D,E] in birds has been shown. The high occurrence of these motifs 
suggests that metal ions in olfactory receptors play a crucial role in odorant biding 
and recognition. The specificity of this motif to ORs and their absence in other 
rhodopsin-like GPCRs support the premise that the metal ion binding motif is a vital 
part of the OR signaling mechanism. 
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Chapter 5: Low-Coordinate Metalloporphyrin Complexes 
5.1 Introduction 
Previously, the Suslick group has developed a convergent synthesis method to 
produce bis-pocket siloxyporphyrins.1  These porphyrins are the most sterically 
hindered porphyrin superstructures ever reported with pocket openings tunable from 4 
Å to 0 Å (fully closed). The availability of hundreds of commercially available silyl 
precursors allows pocket properties to be readily adjusted.2  Recently, these 
porphyrins have been used to generate a stable four-coordinate iron(III) porphyrin 
cation.3  The sterically hindered pocket allowed bulky silver salts, such as silver 
hexabromocarborane (AgCB11H6Br6), to undergo a pseudo-metathesis reaction. The 
chloride axial ligand on the iron reacted with silver to form silver chloride; however, 
the bulky anion was unable to enter the pocket and coordinate to the metal, leaving 
the iron coordinatively unsaturated. Unfortunately, no unique reactivities such as 
small molecule or C-H activation were seen by the four-coordinate iron porphyrin.  
This chapter will focus on the synthesis of other low-coordinate metalloporphyrin 
analogs to test their reactivities towards small molecules.   
5.1.1. Synthesis of Porphyrin Superstructures 
Numerous tetraphenylporphyrin derivatives have been synthesized over the years.  
There are two main reasons to further modify a tetraphenylporphyrin ligand with 
bulky organic groups. The first is to provide steric protection, controlling the entrance 
to the metal center. This protection further increases the stability of the porphyrin 
toward degradation during metal catalyzed oxidation reactions, as the most electron 
rich site, the meso-carbons of the porphyrin, are protected by the attached organic 
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groups. The superstructure also prevents the formation of unwanted oxygen adducts, 
such as the iron porphyrin μ-oxo dimer, which is a thermodynamic “sink” for any 
reactions involving iron porphyrins and dioxygen or other oxygen containing 
reagents. Additionally, the superstructure can provide steric control for porphyrin 
catalyzed shape- or enantio- selective reactions.  
The second purpose of the modification is electronic; pendant groups containing 
imidazole, thiolate or phenolate functionalities can be appended to the porphyrin 
structure. In heme containing enzymes, for example, the heme is usually attached to 
the protein backbone by histidine, cysteine or tyrosine.  These axial ligands can 
modify the electronic properties of the porphyrins significantly. By anchoring the 
ligand to the porphyrin, it guarantees that the ratio of the axial ligand to the porphyrin 
is always stoichiometric.  This is crucial as large amounts of imidazole, thiolate or 
phenolate may interfere with biomimetic studies. For example, imidazole tends to 
bind to iron in a 2:1 ratio to afford a coordinatively saturated six-coordinate iron 
porphyrin. In the case of model compounds for cytochrome C oxidase, the 
superstructure serves as a scaffold for an additional metal bonding site (copper), so it 
has a very similar structure compared to the real enzyme in which the heme moiety 
binds dioxygen through a μ-peroxo linkage through both iron and copper.  
There are five positions that can be modified on the phenyl group: two ortho- 
positions (R1, R5 in Scheme 5.1), two meta- positions (R2, R4 in Scheme 5.1) and 
one para- position (R3 in Scheme 5.1). Two strategies can be used to synthesize the 
porphyrin superstructure. First, the benzaldehyde is modified before the condensation 
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The first well defined three-coordinate Mo complexes to have been synthesized 
were prepared by the Cummins group in the 1990s.9,10 Sterically crowded N-tert-
butylarylamido ancillary ligands were used in this system to avoid certain 
decomposition pathways of silylamido ligands, including cyclometallation and N-Si 
bond cleavage side reactions. Another feature of the ligand design is that the alkyl 
groups are different. The single crystal X-ray structure shows that the molecule 
adopts a three up and three down configuration (Figure 5.5). One side of the molecule 
is completely blocked by three phenyl groups, while the other side is slightly open 
because the t-butyl group is relatively smaller. This opening is essential for the 
special reactivity of this compound. The sterically crowded arrangement of the 
ligands prevents the three-coordinate Mo complexes from forming the Mo-Mo triple 
bond, which is typical of unhindered molecules.  
 
Figure 5.5. (A) Ball and stick representation of Mo[N(R)Ar]3 from X-ray coordinates.11 
(B) Space-filling representations of Mo[N(R)Ar]3 along the N3 plane normal facing the 
hemisphere protected by tert-butyl groups, and (C) along the N3 plane normal facing the 
hemisphere protected by 3,5-dimethylphenyl groups.10 
 
When this complex was exposed to 1 atm dinitrogen atmosphere at -35 °C, the 
color of the solution changed from red to purple; whereas no color change was 
observed under an argon atmosphere. This prompted the notion that three-coordinate 
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three coordinate Mo complexes, Mo nitride is readily formed. The other 
stoichiometric product is a Mo nitrosyl complex. This is a rare case where the N-N 
bond is split instead of the weaker N-O bond. Again, the strong Mo-N triple bond is 
believed to be the key driving force for the unusual splitting pattern of nitrous oxide. 
The three-coordinate Mo[N(R)Ar]3 was unable to cleave the stronger CO bond. DFT 
calculations show that the overall reaction is thermodynamically favorable, but the 
intermediate dimer is believed to be more stable than the final carbido and oxo Mo 
complexes.12,13  
Another three-coordinate compound, Ta(OSiR3)3, is able to cleave CO to form 
carbides.14,15 Ta(OSiR3)3 itself is a rare example of a three-coordinate third row 
transition metal complexe. When a Ta(OSiR3)3/benzene solution was exposed to 1 
equivalent of CO, 0.47 equivalents were taken by the solution. The Ta carbide dimer 
was isolated and structurally characterized by X-ray crystallography (Scheme 5.5). 
The unusual CO cleavage behavior is believed to be due to the steric hindrance of the 
large siloxide ligands, which adds a coordinatively unsaturated electrophilic property 
to an extremely reducing metal center. The reaction mechanism involves four 
individual Ta complexes. The metal provides the four electrons that are necessary to 
reduce the CO molecule to carbide. It is a homogenous analogue reaction of the 













Nitrogenase is an enzyme that contains a Fe7-S9-Mo cluster that catalyzes the 
reaction of dinitrogen to ammonia at ambient temperature and pressure.  There are 
still debates on the binding site of N2 to nitrogenase, as it could be either Mo or 
Fe.16,17 Schrock and Chatt have independently shown that nitrogen can bind to Mo, 
and, with enough electrons and protons, ammonia can be obtained. However, more 
and more evidence suggests the binding site is at the geometry-strained iron positions. 
There are two examples of dinitrogen activation derived from sterically hindered 
ligands with low-coordinate iron centers. The first example comes from the Peters 
lab, where a tris(phosphino)borate ligand was employed (Scheme 5.6).18 The iron 
starting material is four-coordinate with chloride as the axial ligand. When the 
complex was reduced with Mg(0) under nitrogen, a linear end-on four-coordinate μ-
dinitrogen iron complex was obtained. This was the first thoroughly characterized 
four-coordinate Fe-N2 species. Unlike other reported Fe-N2 species, the coordinated 
N2 triple bonds are activated. The N-N bond length was reported as 1.17 Å, while an 
unactivated N-N bond length is usually 1.12 Å. The N-N bond stretching frequency is 
lowered to 1830 cm-1, while the free N2 IR stretching frequency is 2331 cm-1. The 
distal nitrogen can be further furnished with methyl tosylate (MeOTs) to form the 
methyldiazenido iron complex. The product was confirmed by infrared spectroscopy, 
in which the ν(N-N) vibrational frequency dropped to 1597 cm-1. This is the first time 
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Scheme 5.7. Activation of dinitrogen by a three-coordinate iron β-diketiminate complex. 
 
The triple bond of the bound dinitrogen was weakened to 1.19 Å, and the υ(N-N) 
stretching frequency was lowered to 1700 cm-1, which shows there is significant back 
bonding from iron. The dinitrogen complex can be further reduced by sodium or 
potassium, resulting in an even longer bond length of 1.20 Å, which is typical of N-N 
double bond lengths. The υ(N-N) stretching frequency was also lowered to 1570 cm-1. 
Reactions with the bound dinitrogen resulted in displacement of the dinitrogen 
moiety, making the dinitrogen complex a good Fe(I) source for other reactions.  
5.2. Synthesis of Bis-Pocket Siloxyporphyrins 
5.2.1. Introduction 
There are generally two categories of porphyrin superstructures: mono-face 
protected porphyrins and bis-face protected porphyrins. The most notable mono-faced 
protected porphyrin is the picket fence porphyrin developed in Collman’s group.7 
These structures have played an important role in biomimetic studies of myoglobin 
and hemoglobin. Because the porphyrin is only protected on one face, a base, such as 
imidazole or pyridine, must be used to protect the open face from undesired reactions. 
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The bases are usually labile, therefore high concentrations must be used, which can 
sometimes interfere with the desired reaction or characterization. Also, because the 
phenyl groups of the tetraphenylporphyrin can rotate around the porphyrin plane, the 
synthesis usually affords several structural isomers, making purification tedious. 
Bis-face protected porphyrins are symmetric, making synthesis and purification 
relatively easy. Because both faces of the porphyrin are protected, excessive amounts 
of base are not needed. The smallest and most popular bis-face protected porphyrin is 
tetramesitylporphyrin, which has been used in biomimetic studies since the 1970s. 
The stability of this porphyrin in biomimetic oxidation reactions is very low because 
the small methyl groups cannot properly protect the porphyrin from decomposition. 
Secondly, the large size of the cavity has little influence on incoming substrates, so 
shape selectivity or regioselectivity is generally not observed.  
Many bis-face protected porphyrins that carry larger protecting groups have been 
synthesized, including the tetratrisphenylphenylporphyrin, twin-coronet porphyrin, 
strapped porphyrin and dendric porphyrins mentioned above.4,24-26 They have 
contributed enormously to the development of biomimetic regio- or enantio- selective 
catalytic reactions as well as to the understanding of the mechanism of heme-
containing enzyme functions. For these more sterically hindered and delicately 
constructed porphyrins, however, their synthesis is generally more complicated and 
difficult, often leading to very low yields. It is difficult to obtain single crystal x-ray 
structures for these compounds due to the difficulty in the purification and synthesis 
processes. The flexible organic groups further complicate growing single crystals. 
Bis-pocket siloxyporphyrins developed in the Suslick group1 have several 
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advantages over the traditional porphyrin superstructures mentioned above. In 
particular, they are the most sterically hindered porphyrin superstructures that have 
been reported. The pocket opening of siloxyporphyrins range from 4 Å to 0 Å (fully 
closed), while the most sterically hindered porphyrin reported before 
(tetratrisphenylphenylporphyrin)4 has an opening of 4 Å. Moreover, the synthesis of 
siloxyporphyrins produces high yields, and the final product is easily purified. Gram 
scale syntheses of siloxyporphyrins are routinely prepared.   
Moreover, there are hundreds of commercially available silyl precursors that can 
be bought in large quantity for realtively low prices. Therefore, the properties of the 
pocket around the porphyrin can be readily adjusted and designed. For example, the 
pocket can be constructed to be either hydrophobic, hydrophilic or amphiphilic. 
Additionally, single crystal structures of siloxyporphyrins can generally be obtained 
readily. Two reasons are responsible for the facile crystallization of siloxyporphyrins. 
First, it is known that silyl groups can facilitate the crystallization process. Moreover, 
the movement of the siloxy groups is generally limited due to the stericly hindered 
nature of siloxyporphyrins.  
5.2.2. General Synthesis Strategies 
A convergent method was used in the synthesis of the bis-pocket 
siloxilporphyrins. Octahydroxy tetraphenylporphyrins were first prepared and then 
reacted with chlorosilanes or other silyl precursors to afford the bis-pocket 
siloxyporphyrin. There are five positions that the hydroxy group can reside on the 
phenyl group. In order to form a bis-pocket porphyrin, 2,6-octahydroxyporphyrin was 
chosen as the precursor.  
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Metals were inserted into free-base porphyrins before the silylation reaction 
because of the much slower reaction rate with siloxyporphyrins than with hydroxy-
porphyrins. Because of the good solubility of hydroxyporphyrins in methanol, all 
metalation reactions were carried out in methanol. Metalation reactions in methanol 
gave a much higher yield than those using traditional solvents such as DMF or 
chloroform. Metalation reactions were generally done in one to two hours, resulting in 
>90% yield.  
There are two reasons that octahydroxyporphyrins were prepared indirectly from 
demethylation of octamethoxypoprhyrins. First, the condensation reaction of pyrrole 
with hydroxyl-substituted benzaldehyde generally results in a lower yield than the 
reaction of pyrrole with methoxy-substituted benzaldehydes. Second, and perhaps 
more importantly, 2,6-methoxybenzyldehyde is commercially available, while the  
2,6-dihydroxybenzyldehyde is not.  
5.2.3. Synthesis of Free-Base Methoxyporphyrin 
The parent porphyrin is first synthesized from condensation reactions of pyrrole 
and benzaldehyde. There are two general methods for porphyrin synthesis, Adler’s 
and Lindsey’s method.27,28 Due to steric considerations, 2,6-substituted 
octamethoxyporphyrins were prepared using Lindsey’s method. This is because 
2,6-substituted benzaldehydes are more sterically crowded, and Lindsey’s method 
generally gives higher yield for hindered benzaldehydes than Adler’s method. 
Lindsey’s method is a two-step reaction in which the tetraphenylporphyrinogen is 
first produced from nucleophilic attack of the benzaldehyde carbonyl group by 
pyrrole α-carbons. In the second step, an oxidant is added into the solution and the 
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porphyrinogen is oxidized to the corresponding porphyrin final product. The major 
byproducts, polypyrrylmethanes, are readily removed by column chromatography. 
The resulting porphyrin can be further purified by recrystallization. The isolated yield 
for this reaction is generally 20-25% (Scheme 5.8). 
 
Scheme 5.8. Lindsey’s method to synthesize 2',6'-substituted octamethoxyporphyrins. 
 
5.2.4. Synthesis of Free-Base Hydroxyporphyrins 
Octahydroxyporphyrins were prepared by demethylation reactions of 
octamethoxyporphyrins. Demethylation was achieved by refluxing the 
octahydroxyporphyrin with melted pyridinium chloride at 200 °C (Scheme 5.9). 
Precise control of the temperature and time is very important for this reaction. Higher 
temperatures resulted in lower yields; on the other hand, lower temperatures only give 
partially demethylated products. The latter is particularly problematic due to the 
difficulty in separating partially demethylated products from the desired products. 
The purity of the products can be conveniently monitored by NMR spectroscopy. 
TLC is less useful in this regard due to the very similar polarity between octa-
substituted and septa-substituted hydroxyporphyrins. If the reaction is incomplete, it 
is better to run the demethylation reaction again with the partially demethylated 
CHCl3/DDQ
BF3•O(Et)2
















products than to try purifying the products by column chromatography.  
 
Scheme 5.9. Synthesis of 2',6'-substituted octahydroxy-porphyrins. 
5.2.5. Synthesis of hydroxymetalloporphyrins 
Chromium, manganese, and cobalt can be inserted into the octahydroxyporphyrins 
by refluxing a methanol solution of the corresponding metal chloride and free-base 
hydroxy-porphyrins. The reaction can be conveniently monitored by TLC, and typical 
reaction times were 60-120 minutes (Scheme 5.10). After removal of the methanol 
solvent, the raw product was put on a silica column to remove the excess amount of 
metal salts. Due to the strong interaction between metal and hydroxy groups, it was 
difficult to purify the final product by column chromatography. Recrystallization was 
often combined with column chromatography to purify these 
hydroxymetalloporphyrins. Because chromium, manganese, and cobalt 
octahydroxyporphyrins are paramagnetic, it is difficult to confirm the purity of the 
porphyrin by NRM. Moreover, due to the strong interaction between water and the 
eight hydroxy groups on each porphyrin molecule, elemental analysis is also less 
accurate. The purity of the metalloporphyrins was estimated to be approximately 






















Scheme 5.10. Synthesis of 2',6'-substituted octahydroxy-metalloporphyrins, where M is 
Mn, Cr, Co. 
 
5.2.6. Synthesis of Bis-Pocket Siloxy-Metalloporphyrins 
Octahydroxy-porphyrins readily react with chlorosilanes with imidazole as a 
catalyst to give the bis-pocket siloxyporphyrins (Scheme 5.11). If large silyl groups 
are used, very sterically hindered siloxyporphyrins can be obtained. The strong 
silicon-oxygen bonds are the thermodynamic driving force for this reaction. A 
number of bis-pocket porphyrins have been synthesized by Ming Fang using silyl 
groups of varying sizes. Figure 5.7 shows space filling models of iron 
siloxyporphyrins with different pocket sizes along with iron tetraphenylporphyrin and 
iron triphenylphenylporphyin for comparison. For the purposes of synthesizing four-
coordinate metal cation complexes, tert-butyldimethyl chlorosilane was used, as it is 
bulky enough to keep large anions out of the pocket while being small enough to not 















































































































5.2.6.1. Synthesis of 5,10,15,20-tetrakis(2',6'-bis(tert-butyldimethylsiloxy)phenyl) 
porphyrinatomanganeese(III) chloride, Mn(2',6'-TBDMS)8(P)(Cl) 
For the TBDMS derivatives, the synthesis requires relatively mild conditions. 
With imidazole as the catalyst and DMF as the solvent, the reaction proceeded 
smoothly at 90 °C within several hours. The reaction can be conveniently monitored 
by MALDI mass spectrometry, because the intensities of the corresponding molecular 
ion peaks are roughly proportionally to the concentration of different silylation 
products. Under these reaction conditions, the product distribution of heptasilyl ether 
porphyrins to octasilyl ether porphyrins is approximately 1:1.  The yield of the octa-
substituted porphyrins can be further improved to 80% by using neat TBDMSiCl, 
taking advantage of the low melting point of TBDMSiCl.  
X-ray quality single crystals were grown by diffusing methanol into a 
concentrated dichloromethane solution of the porphyrin over two days at room 
temperature. There is some disorder of the siloxy groups because the silyl groups can 
rotate to some extent around sp3 hybridized oxygen atoms on the phenyl groups. The 
Mn(2',6'-TBDMS)8(P)(Cl) structure shows very similar features as those seen in 
MnTPP(Cl).29 The Mn-Cl bond length is 2.35 Å, while the average Mn-N bond length 
is 2.02 Å. Manganese is high spin and is out of the four nitrogen plane by ~0.4 Å. 
5.2.6.2. Synthesis of 5,10,15,20-tetrakis(2',6'-bis(tert-butyldimethylsiloxy)phenyl) 
porphyrinatochromium(III) chloride, Cr(2',6'-TBDMS)8(P)(Cl) 
The synthesis of the chromium TBDMS porphyrin required some modification to 
successfully yield product.  Due to a strong affinity for nitrogenous bases by 
chromium porphyrins it was found that the silylation reaction with imidazole resulted 
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in a bis-pocket porphyrin with imidazole trapped inside. The product was likely 
[Cr(2’,6’-TBDMS)(P)(Im)2]+(Cl-), as the product was soluble in methanol and 
insoluble in hexane. To rectify this, a sterically hindered imidazole (2-
methylimidazole) was used as the catalyst.  The hindered imidazole should still form 
the imidazolium complex to activate the phenyl-hydroxy groups while weakening the 
ligation to the chromium.  Reactions carried out with the chromium 
octahydroxyporphyin in 2-methylimidazole and TBDMS at ~250 oC resulted in the 
production of the octasilyl ether porphyrin product in ~50% yield. 
X-ray quality single crystals were grown in a manner similar to Mn(2’,6’-
TBDMS)(P)(Cl). The Cr(2',6'-TBDMS)8(P)(Cl) structure shows very similar features 
to those seen in CrTPP(Cl).30 The Cr-Cl bond length is 2.39 Å, while the average Cr-
N bond length is 2.04 Å.  The crystal structure also revealed an axial water molecule 
ligated on the opposite side of the chlorine, which is a common feature of chromium 
porphyrins.  Since the chromium is ligated on either side, it remains in the four 
nitrogen plane.  
5.2.6.3. Synthesis of 5,10,15,20-tetrakis(2',6'-bis(tert-butyldimethylsiloxy)phenyl) 
porphyrinatocobalt(III) chloride, Co(2',6'-TBDMS)8(P)(Cl) 
Similar to chromium, cobalt porphyrins have a strong affinity for nitrogenous 
bases, and, therefore, 2-methylimidazole was used as the catalyst and solvent. 
Reactions carried out with the cobalt octahydroxyporphyin in 2-methylimidazole and 
TBDMS at ~250 oC resulted in the production of the octasilyl ether porphyrin product 
in ~50% yield. 
X-ray quality single crystals were grown in a manner similar to Mn(2’,6’-
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TBDMS)(P)(Cl). The Co(2',6'-TBDMS)8(P)(Cl) structure, however, shows no axial 
ligand on the cobalt. As cobalt porphyrins are stable in both the 4-coordinate Co(II) 
and 5-coordinate Co(III) forms, it is possible that the Co(III) octahydroxyporphyrin 
was reduced during silylation. 
5.3. Synthesis of Low-Coordinate Metalloporphyrin Complexes 
While the four-coordinate iron porphyrin cation had been demonstrated, a 
synthetic strategy to prepare other low-coordinate metalloporphyrins has not.  These 
new low-coordinate metalloporphyrin cations may have unique reactivities, such as 
small-molecule or C-H activation that have been seen in other low-coordinate metal 
complexes. To test this, manganese, chromium and cobalt bis-pocket siloxyporphyrins 
were reacted with silver hexabromocarborane (AgCB11H6Br6). Since the iron 
porphyrins demonstrated that a combination of the TBDMS pocket and the bulky 
hexabromocarborane anion can generate the four coordinate species, it was assumed 
this would hold true for these other metalloporphyrins. These metals were chosen 
because it was hypothesized that due to the 3/2 spin state of the Fe(III) porphyrin 
cation, there exists an unpaired electron in its dz2 orbital which interferes with σ-
bonding, limiting reactivity. Since manganese would still have an unpaired electron in 
its dz2 orbital, and high-spin Cr(III) and low-spin Co(III) porphyrins would have 





Figure 5.8. Metal orbital energy diagrams of four coordinate Cr(III), Mn(III), Fe(III), and 
Co(III) porphyrins. 
 
5.3.1. Characterization of a Four-Coordinate Mn(III) porphyrin  
The starting Mn(2',6'-TBDMS)8(P)(Cl) showed a pyrr-H chemical shift at -19 
ppm, which is very similar to that of MnTPPCl reported by Walker.31 The upfield 
shift value for pyrr-H in NMR shows that π spin delocalization dominates in high spin 
Mn(III) porphyrins, which is reasonable because there are no unpaired electrons in the 
manganese dx2-y2 orbital; whereas, the dominance of σ spin delocalization in high spin 
Fe(III) porphyrins results in an upfield pyrr-H chemical shift at 80 ppm in Fe(2',6'-
TBDMS)8(P)(Cl).3 After addition of AgCB11H6Br6 to the dichloromethane solution of 
Mn(2',6'-TBDMS)8(P)(Cl), the pyrr-H chemical shift moved upfield to -60 ppm at 290 
K (Figure 5.9 (a),(c)). The removal of the chloride axial ligand presumably led to a 
stronger porphyrin-Mn interaction, so more unpaired spin density is delocalized to the 
porphyrin π orbitals. To our knowledge, an upfield shift value this large has never 
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Figure 5.9. NMR spectra of (a) Mn(2',6'-TBDMS)8(P)(Cl), (b) Mn(2',6'-
TBDMS)8(P)(CB11H6Br6)·(H2O) and (c) Mn(2',6'-TBDMS)8(P)(CB11H6Br6) at 290 K. 
 
Additional evidence that a four-coordinate Mn(III) porphyrin has formed comes 
from a water binding experiment in Mn(2',6'-TBDMS)8(P)(CB11H6Br6). The addition 
of a small amount of water into the dichloromethane solution of Mn(2',6'-
TBDMS)8(P)(CB11H6Br6) gave a new species with pyrr-H chemical shift at -44 ppm 
(Figure 5.9 (b)). Its pyrr-H chemical shift changed back to -60 ppm when water was 
removed by drying with molecular sieves.  Similarly, the peak for the meta-hydrogen 
on the phenyl ring shifts upfield from 7.94 ppm to 6.17 ppm, while the para-hydrogen 
shifts downfield from 7.17 ppm to 7.89 ppm. The presumed four-coordinate Mn(III) 







dichloromethane solution of Mn(2',6'-TBDMS)8(P)(CB11H6Br6) to air for several 
minutes only slowly alter the porphyrin, whereas its iron(III) analog quickly binds to 
water in less than 30 seconds when exposed to air. The slower process for Mn(2',6'-
TBDMS)8(P)(CB11H6Br6) to bind water may originate from the fact that manganese is 
more electropositive than iron, so the four-coordinate Mn(III) porphyrin is less 
electrophilic. 
High-spin Mn(III) is considered “EPR silent”, due to its large zero-field splitting, 
making characterization only possible at high-frequency EPR facilities.  Standard 
EPR was carried out on the Mn(2’6’-TBDMS)8(P)(Cl) before and after addition of 
silver salt, and no peaks were discernable, confirming that the metal remained in its 
+3 oxidation state and did not form a porphyrin π-cation radical. Further 
characterization such as single crystal x-ray analysis is underway to confirm the four-
coordinate identity conclusively.  
5.3.2. Characterization of a Four-Coordinate Cr(III) Porphyrin 
Due to the strong paramagnetism of chromium, the NMR spectrum for chromium 
porphyrins results in broad, largely unassignable peaks.  Because of this, the highly 
diagnostic pyrrole protons, which are indicative of changes in spin, oxidation, and 
ligand states, are too broad to detect.32,33 EPR, however, is typically highly indicative 
of the chromium oxidation and spin state, and was carried out on Cr(2’6’-
TBDMS)8(P)(Cl) before and after addition of silver hexabromocarborane (Figure 
5.10). The chloride complex shows a broad positive peak from g= 3.5 to 5.5, which 
suggests Cr3+ in a 5-coordinate geometry. After addition of AgCB11H6Br6, the 




octahedral environment.34 This is likely from the formation of the six-coordinate bis-
aquo species [Cr(2’,6’-TBDMS)8(P)(H2O)2]+[AgCB11H6Br6]-.  
 
Figure 5.10. EPR spectra of (top) Cr(2',6'-TBDMS)8(P)(Cl), (bottom) Cr(2',6'-
TBDMS)8(P)(CB11H6Br6) 15 K. 
 
The reaction of the silver salt with Cr(2’6’-TBDMS)8(P)(Cl) was also monitored 
by UV-vis spectroscopy. A red-shift in the Soret-band of the chromium-chloride 
porphyrin from 437 nm to 462 nm was clearly visible upon addition of the silver salt 
in an Ar atmosphere. The Cr(2’,6’-TBDMS)8(P)(AgCB11H6Br6) complex did not 
demonstrate any spectroscopic changes when the atmosphere was changed to N2 or a 
5% H2 in N2 mixture.  Upon exposure to air, however, the Soret band blue-shifted 
slightly to 460 nm, suggesting the spectroscopic change was due to the formation of a 







Figure 5.11. UV-Vis spectra of Cr(2',6'-TBDMS)8(P)(Cl), Cr(2',6'-
TBDMS)8(P)(Cl)(H2O), Cr(2',6'-TBDMS)8(P)(CB11H6Br6)(H2O) and (c) Cr(2',6'-
TBDMS)8(P)(CB11H6Br6) at 290 K. 
 
5.3.3. Characterization of a Four-Coordinate Co(III) Porphyrin 
The Co(2’6’-TBDMS)8(P)(Cl) porphyrin has been prepared and characterized, 
however, its exact form is still undetermined. UV-vis spectroscopy shows a Soret-
band at 412 nm, which is suggestive of a Co(II) porphyrin, which would not have an 
axial chloride ligand. The starting Co(2’,6’-OH)8(P)(Cl) was characterized by UV-vis 
spectroscopy to confirm its oxidation state, and indeed, the spectrum showed a Soret 
band at 426 nm, which is indicative of a Co(III) porphyrin. Additionally, Co(II) and 
Co(III) porphyrins ligate pyridine and imidazole differently; Co(II) porphyrins ligates 
to two pyridines but only one imidazole, where Co(III) porphyrins ligate two of both. 

























same red-shift of the soret band of ~8 nm, further proof that the Co(2’,6’-OH)8(P)(Cl) 
is indeed Co(III). This leads to the conclusion that the Co(III) metal center is being 
reduced during the silylation reaction. Attempts to oxidize the Co(II) to Co(III) after 
the octasilyl ether porphyrin had been synthesized have not been successful. 
5.4. Conclusions 
Manganese, chromium and cobalt bis-pocket siloxyporphyrins have been 
synthesized and characterized.  The pseudo-metathesis reaction with silver 
hexabromocarborane was carried out with mixed results.  Spectroscopic evidence 
suggests the formation of a four-coordinate manganese cation.  The complex has a 
reversible reaction with atmospheric water but no noticeable reactivity towards small 
molecules. Similarly, the chromium bis-pocket porphyrin was synthesized, and 
evidence suggests that reaction with the silver salt leaves the porphyrin in a six-
coordinate bis-aquo species. Unlike the manganese porphyrin, molecular sieves were 
not capable of reversing the reaction with water, and this may be why the chromium 
porphyrin does not show any activity towards small molecules.  The cobalt porphyrin 
appears to be reduced during the final synthesis step, resulting in a Co(II) porphyrin 
without an axial chloride ligand. 
5.5. Experimental 
5.5.1. General Considerations 
2,6-dimethoxybenzaldehyde was purchased from TCI America. Pyrrole was 
bought from Aldrich and distilled over CaH2. 2-methylimidazole was recrystallized 
twice by supersaturating a boiling solution of ethyl acetate and allowing the solution 




purchased from Strem Chemicals, Inc., and all other reagents were bought from 
Aldrich and used without further purification. All glassware was dried overnight in a 
drying oven at 170 °C before use. 1H spectra were recorded on a Varian Unity 500 
MHz spectrometer at 293 K. UV-vis spectra were recorded on a Perkin-Elmer 
Lambda 35 spectrometer. The University of Illinois Microanalytical Laboratory 
carried out elemental analysis. Matrix-assisted laser desorption time-of-flight mass 
spectra (MALDI-TOFMS) data was collected on an Applied Biosystems Voyager-DE 
STR Biospectrometry Workstation. EPR spectra were recorded at X-band (~9.05 
GHz) on a Varian E-122 spectrometer. The data was acquired from frozen glasses at 
~15 K using an Air Products Helitran cryostat with liquid helium. The magnetic fields 
were calibrated with a Varian NMR Gauss meter, and the microwave frequency was 
measured with an EIP frequency meter. 
5.5.2. Synthesis of 5,10,15,20-tetrakis(2',6'-dimethoxyphenyl)porphyrin  
H2(2',6'-OMe)8(P) 
2',6'-dimethoxybenzaldehyde (5.0g, 97%, 29 mmol) and a magnetic stir bar were 
placed in a 3L three-necked round bottom flask. 1.5L of chloroform was added, and 
the resulting solution was stirred for 15 min while being purged with Ar. Pyrrole 
(2.0ml, 29 mmol) was added to the solution and allowed to stir for 15 additional 
minutes, after which, ethanol (1.2 mL, 20mmol) and BF3·Et2O (0.67 mL, 5.3mmol) 
were sequentially added to the solution. Upon addition, the solution turned dark red.  
The flask was promptly wrapped in foil, and the reaction mixture was then stirred 
under Ar for 12 hours at room temperature. Next, 2,3-dichloro-5,6-




solution was stirred under air for an additional 7 hours at room temperature. After 
addition of Et3N (5 mL), the reaction solution was reduced to ~500 mL, then poured 
onto a neutral alumina gel column, eluting with 1% ethyl acetate in dichloromethane 
to afford the pure product (2.8 g, 24%).  
1H-NMR (CDCl3, 500 MHz): δ = 8.64 (s, 8H, β-pyrrole H), 7.66 (t, J = 8.5 Hz, 
4H, p-H phenyl), 6.95 (d, J = 8.5 Hz, 8H, m-H phenyl), 3.47 (s, 24H, methoxy-H), -
2.51 (s, 2H, inner pyrrole H). Elemental analysis, calcd. for C52H46N4O8: C = 73.0, H 
= 5.42, N = 6.55%. Found C = 73.1, H = 5.37, N = 6.63%. MALDI-TOF calcd. for 
C52H46N4O8 = 854.94 Found 855.1 
5.5.3. Synthesis of 5,10,15,20-tetrakis(2',6'-dihydroxyphenyl)porphyrin 
H2(2',6'-OH)8(P) 
5,10,15,20-tetrakis(2',6'-dimethoxyphenyl)porphyrin (5 g, 5.8 mmol), pyridine 
hydrochloride (108 g, 935 mmol) and a magnetic stir bar were placed in a 250 mL 
round-bottom flask. The reaction mixture was refluxed under argon for 3 h. The hot 
reaction solution was poured into water and extracted with ethyl acetate. The 
combined organic phase was washed with saturated aqueous NaHCO3 and water 
sequentially, and then dried with Na2SO4. The ethyl acetate solvent was evaporated 
under reduced pressure, and the residue was dissolved in 50 mL methanol. 
Dichloromethane (300 mL) was added to the resulting methanol solution to give a 
purple polycrystalline precipitate. Filtration through a medium fritted funnel gave a 
purple precipitate, which was washed with dichloromethane 3 x 50 mL to afford the 
final product (4.22 g, 98% yield).   




pyrrole H), 7.49 (t, J = 8.4 Hz, 4H, p-H phenyl), 6.95 (d, J = 6.89 Hz, 8H, m-H 
phenyl), -2.65 (s, 2H, inner pyrrole H). Elemental analysis, calcd. for 
C44H30N4O8·1.5H2O: C = 68.66, H = 4.32, N = 7.28%. Found C = 68.69, H = 4.23, N 
= 7.10%. MALDI-TOF calcd. for C44H30N4O8 = 742.74 Found 743.3 
5.5.4. Synthesis of 5,10,15,20-tetrakis(2',6'-dihyoxyphenyl)porphyrinato 
manganese(III) chloride, Mn(2',6'-OH)8(P)(Cl) 
5,10,15,20-tetrakis(2',6'-dihydroxyphenyl)porphyrin (450 mg, 0.6 mmol) was 
dissolved in 23 mL methanol along with Mn(II) chloride (2.4 g, 19  mmol), 2,6-
lutidine (0.2 mL, 0.17 mmol) and a magnetic stir bar. The resulting solution was 
refluxed for 3 hours under Ar. After removal of methanol, the resulting solid was 
dissolved in ethyl acetate, washed with 1.2 M HCl aqueous solution, and then washed 
with water. The combined organic phase was dried with Na2SO4 and evaporated under 
reduced pressure. The resulting crude product was purified by silica gel column 
chromatography (methanol:ethyl acetate = 4:10) to give the final product as a purple 
solid (449 mg, yield 90%). MALDI-TOF calcd. for [MnC44H28N4O8]+ = 796. Found 
794. 
5.5.5. Synthesis of 5,10,15,20-tetrakis(2',6'-bis(tert-butyldimethylsiloxy)phenyl) 
porphyrinatomanganese(III) chloride, Mn(2',6'-TBDMS)8(P)(Cl) 
5,10,15,20-tetrakis(2',6'-dihydroxyphenyl)porphyrinatomanganese(III) chloride 
(200 mg, 0.24 mmol), tert-butyldimethylsilyl chloride (1.81 g, 12 mmol), imidazole 
(1.64 g, 24 mmol) and 30 mL DMF were placed in a 50 mL round-bottom flask 
equipped with a magnetic stir bar. The reaction mixture was heated at 90 °C for 12 h 




under reduced pressure, and the residue was dissolved in dichloromethane, washed 
with 3M HCl aqueous solution and then washed with water. The combined organic 
phase was dried with Na2SO4, and evaporated under reduced pressure. The resulting 
crude product was purified by silica gel column chromatography (ethyl acetate:hexane 
= 1:50) to give the final product as a dark green solid (250 mg, yield 60%).  
1H-NMR (CD2Cl2, 500 MHz): δ = -19.7 (s, 8H, β-pyrrole H), 7.17 (s, 4H, p-H 
phenyl), 7.94 (d, J = 151 Hz, 8H, m-H phenyl), 2.9 to -3.0 (m, 120H, silyl-H). 
MALDI-TOF calcd. for [C92H140N4O8Si8Mn]+ = 1708. Found 1709. 
5.5.6. Synthesis of 5,10,15,20-tetrakis(2',6'-bis(tert-butyldimethylsiloxy)phenyl) 
porphyrinatomanganese(III) hexabromocarborane, Mn(2',6'-TBDMS)8(P) 
(CB11H6Br6) 
5,10,15,20-tetrakis(2',6'-bis(tert-butyldimethylsiloxy)phenyl)porphyrinato 
manganeese(III) chloride (100 mg, 0.05 mmol) was dissolved in 2 mL dry CH2Cl2 
along with 41.5 mg AgCB11H6Br6 (1:1 molar ratio, 0.05 mmol). After reacting 
overnight, the white AgCl precipitate was removed by filtration with a medium frit 
inside an inert atmosphere (Ar) box. The raw product was purified by recrystallization 
with 1:1 CH2Cl2/heptane to give 5,10,15,20-tetrakis(2',6'-bis(tert-butyldimethylsiloxy) 
phenyl)porphyrinatomanganese(III) hexabromocarborane as a red-brown solid (105 
mg, yield 77%). 
1H-NMR (CD2Cl2, 500 MHz): δ = -60 (s, 8H, β-pyrrole H), 7.89 (s, 4H, p-H 
phenyl), 6.17 (d, J = 151 Hz, 8H, m-H phenyl), 2.9 to -3.0 (m, 120H, silyl-




5.5.7. Synthesis of 5,10,15,20-tetrakis(2',6'-dihydroxyphenyl)porphyrinato 
chromium(III) chloride, Cr(2',6'-OH)8(P)(Cl) 
5,10,15,20-tetrakis(2',6'-dihydroxyphenyl)porphyrin (100 mg, 0.13 mmol) was 
dissolved in 10 mL methanol along with Cr(II) chloride (200 mg, 1.6 mmol) and a 
magnetic stir bar. The solution was refluxed for 3 hours. After removal of methanol, 
the resulting solid was dissolved in ethyl acetate, washed with 1.2 M HCl aqueous 
solution and then washed with water. The combined organic phase was dried with 
Na2SO4 and evaporated under reduced pressure. The resulting crude product was 
purified by silica gel column chromatography (methanol:ethyl acetate = 1:5) to afford 
the final product as a green solid (100 mg, yield 93%). 
MALDI-TOF calcd. for [CrC44H29N4O8]+ = 792. Found 794. Elemental analysis, 
calcd. for C44H30ClCrN4O8·3H2O: C, 59.9; H, 3.88; N, 6.35; Found C = 59.8, H = 
3.84, N = 6.29 
5.5.8. Synthesis of 5,10,15,20-tetrakis(2',6'-bis(tert-butyldimethylsiloxy)phenyl) 
porphyrinatochromium(III) chloride, Cr(2',6'-TBDMS)8(P)(Cl) 
5,10,15,20-tetrakis(2',6'-dihydroxyphenyl)porphyrinatochromium(III) chloride 
(200 mg, 0.24 mmol), tert-butyldimethylsilyl chloride (1.0 g, 6.7 mmol) and 2-
methylimidazole (1.0 g, 12 mmol) were placed in a 50 mL round-bottom flask 
equipped with a magnetic stir bar. The reaction mixture was heated at 250 °C for 3 h 
under Ar. After removal of the high boiling point starting material and by-products by 
vacuum distillation, the resulting solid was dissolved in dichloromethane, washed 
with 3M HCl aqueous solution and then washed with water. The combined organic 




crude product was purified by silica gel column chromatography (ethyl acetate:hexane 
= 1:50) to give the final product as a dark green solid (217 mg, yield 52%).  
Elemental analysis, calcd. for C92H140N4ClCrO8Si8: C = 63.42, H = 8.10, N = 
3.22%. Found C = 62.67, H = 7.94, N = 3.33%. MALDI-TOF calcd. for 
[C92H140N4CrO8Si8]+ = 1705. Found 1707. 
5.5.9. Synthesis of 5,10,15,20-tetrakis(2',6'-bis(tert-butyldimethylsiloxy)phenyl) 
porphyrinatochromium(III) hexabromocarborane, Cr(2',6'-TBDMS)8(P) 
(CB11H6Br6) 
5,10,15,20-tetrakis(2',6'-bis(tert-butyldimethylsiloxy)phenyl)porphyrinato 
chromium(III) chloride (100 mg, 0.05 mmol) was dissolved in 2 mL dry CH2Cl2 along 
with 41.5 mg AgCB11H6Br6 (1:1 molar ratio, 0.05 mmol). After  reacting overnight, 
the white AgCl precipitate was removed by filtration with a medium frit inside an 
inert atmosphere (Ar) box. The raw product was purified by recrystallization with 1:1 
CH2Cl2/heptane to give 5,10,15,20-tetrakis(2',6'-bis(tert-butyldimethylsiloxy)phenyl) 
porphyrinatochromium(III) hexabromocarborane as a red-brown solid. (113 mg, yield 
83%). 
MALDI-TOF calcd. for [C92H140N4CrO8Si8]+ = 1705. Found 1707. 
5.5.10. Synthesis of 5,10,15,20-tetrakis(2',6'-dihydroxyphenyl)porphyrinato 
cobalt(III) chloride, Co(2',6'-OH)8(P)(Cl) 
5,10,15,20-tetrakis(2',6'-dihydroxyphenyl)porphyrin (200 mg, 0.27 mmol) was 
dissolved in 20 mL methanol along with Co(II) chloride (800 g, 6.2 mmol) and a 
magnetic stir bar. The resulting solution was refluxed for 3 hours. After removal of 




aqueous solution, and then washed water. The combined organic phase was dried with 
Na2SO4 and evaporated under reduced pressure. The resulting crude product was 
purified by silica gel column chromatography (methanol:ethyl acetate = 1:10) to 
afford the final product as an orange solid (210 g, yield 93%). 
1H-NMR (CD3OD, 500 MHz): δ = 9.35 (s, 8H, β-pyrrole H), 7.55 (t, 4H, p-H 
hydroxyphenyl), 6.89 (d, 8H, m-H hydroxyphenyl). MALDI-TOF calcd. for 
[C44H29N4O8Co]+ = 792. Found 794.  
5.5.11. Synthesis of 5,10,15,20-tetrakis(2',6'-bis(tert-butyldimethylsiloxy)phenyl) 
porphyrinatocobalt(III) chloride, Co(2',6'-TBDMS)8(P)(Cl) 
5,10,15,20-tetrakis(2',6'-dihydroxyphenyl)porphyrinatocobalt(III) chloride (200 
mg, 0.24 mmol), tert-butyldimethylsilyl chloride (1.0 g, 6.7 mmol) and 2-
methylimidazole (1.0 g, 12 mmol) were placed in a 50 mL round-bottom flask 
equipped with a magnetic stir bar. The reaction mixture was heated at 250 °C for 3 h 
under Ar. After removal of the high boiling point starting material and by-products by 
vacuum distillation, the resulting solid was dissolved in dichloromethane, washed 
with 3M HCl aqueous solution and then washed with water. The combined organic 
phase was dried with Na2SO4 and evaporated under reduced pressure. The resulting 
crude product was purified by silica gel column chromatography (ethyl acetate:hexane 
= 1:50) to give the final product as an orange solid (185 mg, yield 45%).  
1H-NMR (CD2Cl2, 500 MHz): δ = 17.6 (s, 8H, β-pyrrole H), 10.8 (s, 4H, p-H 
phenyl),  9.70 (d, J = 151 Hz, 8H, m-H phenyl), -4.0 to -8.0 (m, 120H, silyl-H). 




5.5.12. Synthesis of 5,10,15,20-tetrakis(2',6'-bis(tert-butyldimethylsiloxy)phenyl) 
porphyrinatocobalt(III) hexabromocarborane, Co(2',6'-TBDMS)8(P) 
(CB11H6Br6) 
5,10,15,20-tetrakis(2',6'-bis(tert-butyldimethylsiloxy)phenyl)porphyrinatocobalt 
(III) chloride (100 mg, 0.06 mmol) was dissolved in 2 mL dry CH2Cl2 along with 41.5 
mg AgCB11H6Br6 (1:1 molar ratio, 0.05 mmol). After reacting overnight, the white 
AgCl precipitate was removed by filtration with a medium frit inside an inert 
atmosphere (Ar) box. The raw product was purified by recrystallization with 1:1 
CH2Cl2/heptane to give 5,10,15,20-tetrakis(2',6'-bis(tert-
butyldimethylsiloxy)phenyl)porphyrinatocoblat(III) hexabromocarborane as a red-
brown solid (107 mg, yield 81%). 







5.6. X-ray Data 
5.6.1. X-ray crystal structure for Mn(2’,6’-TBDMS)8(P)(Cl) 
 
Figure 5.12 SHELXTL (Bruker, 2005) plot of Mn(2',6'-TBDMS)8(P)(Cl) showing 25% 
probability ellipsoids for non-H atoms; H atoms were omitted for clarity. Mn - Cl = 
2.348(3) Å. Mn - N(average) = 2.012 Å. The X-ray quality single crystal was obtained by 











Table 5.1.  Crystal data and structure refinement for Mn(2’,6’-TBDMS)8(P)(Cl). 
 
Identification code  bc64n 
Empirical formula  C94 H144 Cl5 Mn N4 O8 Si8 
Formula weight  1915.04 
Temperature  173(2) K 
Wavelength  1.54178 Å 
Crystal system  Tetragonal 
Space group  I4(1)/a   
Unit cell dimensions a = 18.8678(2) Å a= 90°. 
 b = 18.8678(2) Å b= 90°. 
 c = 60.4675(15) Å g = 90°. 
Volume 21526.1(6) Å3 
Z 8 
Density (calculated) 1.182 Mg/m3 
Absorption coefficient 3.390 mm-1 
F(000) 8176 
Crystal size 0.274 x 0.258 x 0.054 mm3 
Theta range for data collection 2.45 to 68.50°. 
Index ranges -22<=h<=20, -22<=k<=17, -72<=l<=72 
Reflections collected 57567 
Independent reflections 9821 [R(int) = 0.0622] 
Completeness to theta = 68.50° 99.0 %  
Absorption correction Integration 
Max. and min. transmission 0.8413 and 0.4588 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9821 / 1968 / 876 
Goodness-of-fit on F2 1.039 
Final R indices [I>2sigma(I)] R1 = 0.0826, wR2 = 0.2219 
R indices (all data) R1 = 0.1055, wR2 = 0.2386 




5.6.2. X-ray crystal structure for Cr(2’,6’-TBDMS)8(P)(Cl) 
 
Figure 5.13 SHELXTL (Bruker, 2005) plot of Cr(2',6'-TBDMS)8(P)(Cl) showing 25% 
probability ellipsoids for non-H atoms; H atoms were omitted for clarity. Cr - Cl = 
2.386(3) Å. Mn - N(average) = 2.036 Å. The X-ray quality single crystal was obtained by 












Table 5.2.  Crystal data and structure refinement for Cr(2’,6’-TBDMS)8(P)(Cl) 
Identification code  bc24n 
Empirical formula  C92 H142 Cl Cr N4 O9 Si8 
Formula weight  1760.27 
Temperature  173(2) K 
Wavelength  1.54178 Å 
Crystal system  Triclinic 
Space group  P-1    
Unit cell dimensions a = 13.4235(3) Å a= 97.1030(10)°. 
 b = 13.7936(3) Å b= 98.2360(10)°. 
 c = 14.0543(3) Å g = 97.6510(10)°. 
Volume 2525.34(10) Å3 
Z 1 
Density (calculated) 1.157 Mg/m3 
Absorption coefficient 2.498 mm-1 
F(000) 947 
Crystal size 0.167 x 0.151 x 0.054 mm3 
Theta range for data collection 3.21 to 68.18°. 
Index ranges -11<=h<=16, -13<=k<=16, -14<=l<=16 
Reflections collected 32635 
Independent reflections 8627 [R(int) = 0.0403] 
Completeness to theta = 68.18° 93.4 %  
Absorption correction Integration 
Max. and min. transmission 0.9068 and 0.7436 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8627 / 760 / 727 
Goodness-of-fit on F2 1.019 
Final R indices [I>2sigma(I)] R1 = 0.0548, wR2 = 0.1495 
R indices (all data) R1 = 0.0677, wR2 = 0.1604 
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